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The  purpose  of  this  prograjn  was  to  develop  a quiet,  vibration-free, 
long-life,  lightweight  Stirling  cycle  refrigerator  capable  of  producing 
1 W of  cold  at  77®K  while  in  a still  air  environment  at  125®F.  The 
total  power  co.nsumption  of  the  machine  was  re-  rioted  to  42  To  at- 

tain high  efficiency,  a double-expansion  regeuv_rator  with  a titanium 
alloy  shell  was  utilized  along  with  a titanium  cold  finger  with  copper 
cap.  The  balanced  Philips  rhombic  drive  provided  the  necessary  drive 
motion  without  causing  unwanted  vibration.  Brushless  dc  motors  and  dry 
lubrication  throughout  the  refrigerator  insured  that  contamination  was 
minimized.  A major  acoustical  study  and  design  resulted  in  a variety  of 
sound  isolation  techniques  being  applied.  The  refrigerator  weighs  8 lbs. 
7 02.,  measures  5-7/8"  x 5-5/16"  x 9-1/4"  and  is  inaudible  at  63  ft. 
against  a 40  dbA'  background.  With  the  most  disadvantageous  lieat  ex- 
changer orientation  in  still  air  at  125°F,  cooldown  time  with  a 0.5  W 
hfeat  leak  is  3-1/2  minutes  and  the  refrigerator  produces  1.06  W of  cold 
at  80®K  with  a shaft  power  input  of  only  25.6  W.  As  a result  of  ineffi- 
cient drive  motors,  the  unit  consumes  more  than  42  W and  does  not  func- 
tion properly  in  the  -65®F  ambient.  With  the  exception  of  the  motor 
shortcomings,  tlie  refrigerator  meets  all  required  specifications. 
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SUMMARY 

The  purpose  of  this  program  was  to  develop  a quiet,  vibration- 
free,  iong-life,  lightweight  Stirling  cycle  refrigerator  capable 
of  producing  one  (1)  watt  of  cold  at  77®K  while  in  a still  air 
environment  at  125*F.  The  total  power  consumption  of  the  ma- 
chine was  restricted  to  42  watts.  To  attain  high  efficiency, 
a double-expansion  regenerator  with  a titanium  alloy  shell  was 
utilized  along  with  a titanium  cold  finger  with  copper  cap. 

The  balanced  Philips  rhombic  drive  provided  the  necessary  drive 
motion  without  causing  unwanted  vibration.  Brushless  dc  motors 
and  dry  lubrication  throughout  the  refrigerator  insured  that 
contamination  was  minimized.  A major  acoustical  study  and  de- 
sign resulted  in  a variety  of  sound  isolation  techniques  being 
applied. 

The  refrigerator  weighs  8 lbs.  7 oz.,  measures  5-7/8"  x 5-5/16" 
X 9-1/4"  and  is  inaudible  at  63  feet  against  a 40  dbA  back- 
ground. Vvith  the  most  disadvantageous  heat  exchanger  orienta- 
tion in  still  air  at  125**F,  cooldown  time  with  a C.5  watt  heat 
leak  was  3-1/2  minutes  and  the  refrigerator  produced  1.06  watts 
of  cold  at  80®K  with  a shaft  power  input  of  only  25.6  watts. 

The  brushless  dc  drive  motor  proved  to  be  below  specification 
in  efficiency  and  was  unable  to  produce  the  torque  required 
for  refrigerator’  operation  ir.  a -65®F  ambient.  As  a conse- 
quence, the  unit  consumed  more  than  42  watts  of  power  and  did 
not  function  properly  in  the  -65®F  ambient. 


In  sumn\ary,  with  the  exception  of  the  drive  motor  shortcomings, 
the  refrigerator  meets  axl  required  specifications.  Presently, 
the  option  exisvs  to  replace  these  motors  with  available  65% 
efficient  brush-type  motors,  or  in  the  future  to  replace  them 
with  more  cfficienL  brushless  motors. 
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FOREWORD 


The  work  described  in  this  report  was  performed  at  Philips 
Laboratories,  a Division  of  North  American  Philips  Corpora- 
tion, Briarcliff  Manor,  New  York,  under  the  supervision  of 

Mr.  Alexander  Daniels,  Director,  Mechanical  Systems  Research 

< 

Group.  The  project  engineer  was  Charles  Balas,  Jr.  Dr.  Frits  K. 
du  Pre,  Consulting  Scientist  of  Philips  Laboratories,  provided 
analytical  assistance.  Dr.  Richard  C.  Sweet,  Supervisor,  Heat 
Processing  Laboratory,  was  instrumental  in  the  dewar  and  cold 
finger  fabrication;  and  Mr.  Bruno  Smits,  Chief  Designer,  aid- 
ed in  the  hardware  design.  Assisting  in  the  investigation  of 
the  acoustical  noise  problems  associated  with  the  refrigerator 
design  was  Mr.  Lewis  Bell  of  Harold  Mull,  Bell  and  Associates. 
Fabrication  was  supervised  by  Mr.  George  Potanovic,  Assistant 
Foreman  of  the  Instrument  Shop.  Technician  Richard  Petendree 
performed  the  refrigerator  tests  and  ass.i.sted  in  developing  the 
refrigerator. 

This  program  was  issued  by  the  U.  S.  Army  Mobility  Equipment 
Research  and  Development  Center,  Fort  Belvoir,  Virginia,  and 
was  initiated  under  Contract  DAAK02-72-C-0224.  Mr.  Stuart  Horn 
was  the  Contracting  Officer's  Representative  for  the  Night 
Vision  Laboratory,  USAECOM. 

The  work  described  in  this  Final  Report  covers  the  period  from 
4 February  1972  to  29  June  1973. 
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INTRODUCTION 


1. 1 Objectives 

The  goal  of  this  program  was  to  design,  fabricate,  tost  and 
evaluate  a lew-noise,  low-power  rhombic  drive  Stirling  cycle 
cooler  with  the  following  performance  specif ications ; 

Life:  3000  hours  with  purging  intervals 

every  500  hours  (2000  hour  design 
goal). 

Weight:  8.5  lbs  maximum  (with  a goal  of  6 

lbs)  for  the  cooler  proper  plus  an 
additional  3. 5 lbs  maximum  for 
inverters . 

Acoustic  Noise:  While  being  rigidly  mounted  to  an  alu- 

minum plate  of  dimensions  2*  x 2'  x 1/2" 
the  cooler  shall  be  inaudible  to  a hu- 
man operator  at  a distance  of  100  ft, 
against  a background  level  of  40  dbA 

above  the  reference  level  rms  sound 

-4  2 

pressure  of  2.04  x 10  dyne  per  cm  . 

As  a design  goal  the  cooler  should  bo 

inaudible  at  a distance  of  25  ft  against 

this  background. 

Cooldown  Time:  5 min  with  a goal  of  3 min  or  less  to 

reach  77°K  with  a simulated  thermal 
heat  leak  equivalent  to  1/2  w at  77°K 
in  a 125°F  ambient. 
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Environmental 
Operation  Range: 

Operating 
Temperature : 

Output  Refrig- 
eration: 

Input  Power: 

Mechanical 

Vibration; 


Operating  Modes; 


-65°F  to  125°F  and  altitudes  up  to 
5000  ft. 

77°K  i.  5“^K  in  the  125°F  ambient 

I 

1 W at  77°K 
42  w max 

Cold  finger  displacements  less  than 
0.0002"  peak-to-peak  and  0.00002" 
peak-to-peak  along  and  perpendicular 
to  the  cold  finger  axes^  respectively. 

Any  orientation,  and  up  to  5 g 
acceleration. 


Size ; 


5-5/8"  X 7-1/4"  X 10"  with  a goal  of 
5"  X 6"  X 8". 


1.2  Background 


The  Stirling  cycle  is  well  known  as  a mcuns  of  producing 
refrigeration  at  cryogenic  temperatures.  The  high  thermo- 
dynamic efficiencies  attained  with  this  cycle  have  made  it 
desirable  for  many  applications.  Efforts  to  signir icantly 
improve  the  operating  characteristics  of  the  Stirling  refrig- 
erator without  forfeiting  its  low  weight  and  high  efficiency 
were  initiated  with  this  project.  The  basic  theory  of  both 
the  theoretical  and  actual  Stirling  cycle  is  presented  in 
Appendix  A.  Other  Philips  advances  incorporated  in  the  re- 
frigerator, viz. , the  efficient  double-expansion  process  and 
the  vibration-free  rhombic  drive,  are  described  in  Appendices 
B and  C,  respectively. 

1. 3 Approach  to  the  Problem 

The  bas'.c  approach  to  the  design  of  this  refrigerator  was  two- 
fold: thermodynamic  and  mechanical  analytical  studies  were 

made  to  optimize  all  parameters;  an  existing  rhombic-drive, 
Stirling  cycle  refrigerator  {Cryogem'^)  was  used  as  a model 
and  test  machine  for  evaluating  design  changes. 

Major  design  trade-offs  that  were  considered  are: 

. The  weight  of  the  machine  envelope  versus  acoustical 
noise. 

. Refrigerator  life  vdrsus  power  consumption  wliich  is  a 
function  of  bearing  and  seal  design. 

. Vibration  of  the  cold  finger  duo  to  the  cyclic  pressure 
variation  of  the  working  gas  versus  heat  transfer  losses 
due  to  conduction  along  the  cold  finger  and  versus  charge 
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pressure  which  influences  both  cycle  efficiency  and 
bearing  loads  which  in  turn  influence  bearing  life. 

. Cooldcwn  time  and  net  refrigeration  produced  versus 
design  variables  such  as  charge  pressure;  pressure 
ratio;  displacer  stroke;  mass  and  specific  heat  of 
the  cold  parts;  overall  structure  of  the  regenerator, 
heat  exchanger,  and  cold  finger;  and  overall  effi- 
ciency of  the  machine. 

In  addition,  the  following  critical  design  are^s  were  inves- 
tigated ; 

. Acoustical  noise.  In-house  design  and  testing,  aided 
by  an  outside  consultant,  was  used  to  reduce  the 
noise  production  well  below  required  levels. 

. Efficiency.  All  components  of  the  refrigerator  were 
analysed  so  as  to  optimize  overall'  efficiency. 

. Life  and  reliability.  Performance  and  failure  data 
from  the  existing  Cryogem  refrigerator  were  reviewed. 
Components  that  had  previously  failed  or  were  suspected 
of  hav  I caused  failures  were  redesigned. 

. Weight  and  size.  Lightweight  alloys  and  compact  effi- 
cient motors  wore  selected.  An  effort  was  made  to  not 
jeopardize  the  low-noise-lovel  of  the  machine. 

. Refrigeration  and  coolclown  tin'e.  Reduce  friction  losses 
increase  thermodynamic  efficiency;  minimize  the  It:  at 
capacity  of  cold  parts  without  allowing  siemificant 
pressure -induced  vibration  of  the  cold  finger;  increase 
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gas  pressure  and  pressure  ratio  without  again  causir.g 
cold  finger  vibration  and  other  system  losses. 
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2. 


INVESTIGATION 


2. 1 Design  and  Test  Effort 

2.1.1  Acoustical  Noise 

An  existing  rhombic-drive,  Stirling  cycle  refrigerator  (a  min- 
iaturized Cryogem)  was  used  as  a test  vehicle  for  the  acoustical 

I 

design  of  the  final  refrigerator.  It  was  tested  and  modified 
with  the  purpose  of  determining  as  many  ways  as  possible  to  re- 
duce the  total  noise  production  in  this  unit  and,  of  course,  in 
the  final  design. 

( 1 ) Modification  to  Cryogem  and  Initial  Test  Results 

Investigations  revealed  specific  areas  where  generation  and/or 
transmission  of  vibrations  and  acoustical  noise  were  occuring: 

Clearance  and  play  in  bearings.  The  majority  of  the  bearings 
in  the  rhombic  drive  were  made  of  Rulon.  This  type  of  bearing, 
however,  allowed  axial  and  radial  movement  of  the  drive  mechan- 
ism, which  .-in  time  resulted  in  excessive  wear  and  motion.  Teflon 
spacers  were  fitted  between  all  metal  drive  parts  that  might 
make  contact;  both  new  Rulon  bearings  and  replacement  roller- 
type  bearings  were  tried.  All  changes  resulted  in  lower  noise 
levels.  A reduction  in  noise  level  was  difficult  to  measure 
since  these  tests  were  performed  in  an  environment  having  a vary- 
ing noise  level;  the  variation  in  background  noise  was  the  same 
order  of  magnitude  as  the  noise  reductions. 

Metal-to-metal'  contact.  In  addition  to  the  above,  the  displacer 
rod  which  connects  the  lower  rhombic  yoke  to  the  displacer  wore 
through  the  piston  displacer  rod  seal  and  made  contact  with  the 
metal  piston.  The  cause  was  duo  to; 


unparallel  yokes  in  the  drive  resulting  from  uneven  torques  de- 
livered by  the  drive  motors,  excess  play  in  the  bearings  and 
timing  gears,  and  too  many  degrees  of  freedom  in  the  displacer 
rod  motion.  There  was  also  a metallic-noise  transmission  path 
through  the  shaft  bearings  into  the  crankcase.  Possible  solu- 
tions to  this  problem  were  not  easy  to  test;  therefore,  their 
investigation  was  restricted  to  the  design  phase  of  the  new  re- 
frigerator. 

Gear  noise.  The  timing  gears  connecting  the  two  drive  shafts 
were  made  of  different  materials  to  reduce  tooth-generated 
noise.  Two  blends  of  Delrin  were  used,  but  the  amount  of  noise 
reduction  could  not  be  accurately  detected. 

Thin  walled  sections.  The  cylindrical  aluminum  motor  housings 
on  the  test  cooler  v^ere  0.156  inch  thick,  and  substantially 
more  noise  emanated  from  these  walls  than  from  the  0.25  to  0.50 
inch  thick  crankcase.  A laminate  of  urethane  foam  and  lead 
sheet  was  added  to  part  of  the  motor  housings,  and  a noise  re- 
duction was  detected.  A more  complete  addition  of  this  laminate, 
equivalent  to  a 2 Ib/ft^  mass  increase,  was  one  of  the  major 
changes  that  resulted  in  the  low  noise  levels  shown  by  the  lower 
curve  in  Figure  1.  An  unmounted  or  freely  suspended  Cryogem 
with  this  added  mass  yielded  a similar  curve.  All  the  data 
shown  in  Figure  1 was  taken  with  a General  Radio  Typo  1558-A 
Octave-Band  Noise  Analyzer  with  a 1560-P6  microphone  assembly 
and  a Hewlett  Packard  Real-Time  Audio  Analyzer,  model  8054A. 

Heat  exchancTor  fin  noise.  The  fins  of  the  small  heat  e.xchanger 
on  the  Cryogem  woire  found  to  resonate,  thereby  generating  noise. 
The  added  mass  simulation  previously  mentioned  reduced  the  noise 
level  but  it  was  found  that  properly  placed  damping  material  or 
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fin-stiffening  members  also  reduced  the  noise  level  as  well, 
without  seriously  impeding  heat  transfer  capability  or  adding 
significant  weight. 

Vibration  and  noise  transmission.  Pressure-induced  strains  on 
the  refrigerator  envelope,  internally  generated  acoustical  noise 
transmitted  to  this  envelope,  and  small  vibrations  (due  to  the 
limit  as  to  how  well  a theoretically  perfect  balance  can  be  im- 
plemented) all  add  to  the  total  noise  production  of  the  machine. 
Tests  were  performed  to  study  the  effects  of  noise  and  vibration 
transmitted  to  the  refrigerator  mounting  plate.  As  seen  in  the 
uppermost  curve  in  Figure  1,  when  the  Cryogem  was  rigidly  at- 
tached to  an  aluminum  plate  (24"  x 24"  x 1/2"),  the  acoustical 
noise  level  of  the  entire  assembly  became  exceedingly  high. 

This  was  so  because  the  plate,  in  addition  to  radiating  trans- 
natted  noise,  vibrated  and  produced  even  more  noise.  The 
straightforward  solution  to  this  problem  would  be  to  isolate 
the  ref rigera tor . from  the  plate  using  vibration  mounts  or  ap- 
propriate elastic  materials.  This,  however,  was  not  acceptable 
since  the  refrigerator,  to  be  useful  in  an  optical  system,  must 
be  rigidly  fixed  t<  the  p].ate.  A laminated  plate  composed  of 
alternate  layers  of  j./lo"  thick  aluminum  and  GP-2-LC  damping 
material  manufactured  by  the  Soundcoat  Co.,  Inc.  proved  to  be 
an  acoustically  acceptable  mounting  plate  for  the  refrigerator. 
The  overall  dimensions  of  this  fabricated  plate  were  the  re- 
quired 24"  square  by  1/2",  and  with  the  Cryogem  rigidly  mounted 
to  it  there  was  almosc  no  increase  in  transmitted  and  induced 
noise.  Eve.-,  when  lengths  of  aluminuiu  angle  brackets  were  bolted 
to  the  underside  of  the  laminated  plate  to  increase  its  stiffness 
to  that  of  the  solid  alumimmi  plate,  no  increase  in  noise  level 
could  be  detected.  In  fact,  the  frequency  distribution  of  the 
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sound  pressure  level  measured  for  the  cooler  mounted  to  this 
laminated  plate  was  essentially  the  same  as  that  obtained  from 
a freely  suspended  cooler. 

as  mentioned,  the  upper  curve  in  Figure  1 represents  the  ex- 
treme case  of  the  Cryogem  rigidly  mounted  to  the  aluminum 
plate.  Also  shown  is  the  effect  of  adjusting  the  sound  pres- 
sure levels  at  the  various  frequencies  using  the  A weighting 
scale.  This  closely  approximates  the  mse  of  the  human 

ear,  and  since  one  of  the  program  obje  . es  is  to  develop  a 
refrigerator  that  is  inaudible  to  humans  at  specific  distances, 
the  A scale  was  used  to  weigh  all  sound  pressure  levels. 

Eliminating  from  further  consideration  the  aluminum  plate- 
mounted  system  because  of  its  high  noise  level,  and  the  system 
utilizing  added  envelope  mass  (shown  as  the  lowest  curve  in 
Figure  1)  because  of  its  high  total  weight,  a more  realistic 
refrigerator  system  was  studied.  The  variation  of  sound  pres- 
sure level  with  frequency  of  such  a system  is  depicted  as  the 
center  band  in  Figure  1.  This  represents  the  average  acousti- 
cal spectrum  of  the  freely  suspended  (or  laminated  plate-mounted) 
Cryogem  without  added  mass.  For  measuring  the  overall  sound 
pressure  level  of  this  refrigerator,  the  A scale  of  a General 
Radio  type  1551-C  sound- level  meter  with  a GR  type  1560-P5 
microphone  was  used.  It  indicated  a total  of  67  dbA  for  the 
noise  level  three  feet  from  a freely  floating  or  laminated 
plate-mounted  Cryogem  refrigerator.  At  a distance  of  three 
feet  from  the  refrigerator,  no  significant  directionality  of 
the  sound  pressure  level  could  be  detected. 
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This  indicates  that  with  a background  level  of  40  dbA  the  exist- 
ing modified  refrigerator  would  most  likely  bo  inaudible  to  a 
human  observer.  The  situation  is  marginal  since  the  major  fre- 
quencies of  the  machine— generated  noise  and  of  the  background 
noise  could  be  significantly  different,  thereby  making  the  re- 
frigerator audible. 

It  should  be  noted,  however,  that  the  above  analysis  is  conser- 
vative since  it  neglects  any  excess  attenuation.  A similar  bv.c 
more  realistic  analysis  of  the  same  problem  is  presented  in 
Chapter  9 of  Reference  2.  Here  excess  attenuation  termr.  which 

would  result  in  a reduced  value  of  L are  included.  Although 

P 

these  terms  will  not  be  incorporated  into  this  analysis,  they 

will  be  mentioned  because  in  any  realistic  application  some  of 
them  will  be  quite  significant.  They  include  attenuation  due  to 

atmospheric  turbulence,  wind,  temperature  gradients,  ground 
effects  (since  ground  in  general  will  not  behave  as  the  perfect 
reflector  assumed  in  the  derivat.lon  of  the  furmula  used  above)  , 
walls,  trees,  fog,  .rain,  snow  and  absorption  in  aix. 

Magnesium  was  used  for  the  crankcase  wall.s  because  it  has  .agh 
internal  damping  and  can  be  relatively  thick  since  it  is  l.ight- 
weight.  The  outer  envelope  panels  were  made  ^s  massive  as 
possible,  and  are  small  to  reduce  the  efficiency  oi;  lev  fre- 
quency sound  radiation.  Curvature  and  discrete  bend  '.ines  were 
incorporated  in  the  design  of  the  outer  envelope  to  raise  the 
natural  frequency  of  the  panels  and  thereby  reduce  wave  coinci- 
dence and  resonance. 


Noise  level  as  a function  of  refrigerator  operating  speed  will 
be  measured  to  dotem\ino  any  resonances;  if  present,  tlioy  will 
be  reduced  by  adding,  damping  material  to  the  vibrating  panels. 
Wave  coincidence  should  not  be  a problem  since  all  tlie  crank- 

Ip 
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case  walls  are  thin  enough  to  have  natural  frequencies  greater 
than  Ikhz.  However,  if  either  wave  coincidence  or  reverbra- 
tion  appear  as  problems,  porous  polyurethane  liners  will  be 
added  inside  the  crankcase  to  absorb  sound  energy,  and  if  the 
resulting  noise  level  is  still  too  high,  the  offending  panels 
will  be  damped. 

In  addition  to  pressure- induced  envelope  vibrations,  the  moving 
elements  in  the  final  refrigerator  will  generate  impact,  rolling 
and  sliding  noise  and  vibration.  The  magnitude  of  this  noise 
and  vibration  will  be  at  a practical  minimum  level  as  a result 
of  the  acoustical  design,  and  some  of  it  will  be  absorbed  and 
isolated  by  the  refrigerator  envelope.  But  since  this  vibration 
and  noise  is  the  source  of  all  other  induced  vibration,  and 
since  the  transmission  of  all  these  disturbances  to  the  refrig- 
erator surroundings  determines  the  overall  acoustical  noise 
level,  an  effort  will  be  made  to  isolate  this  source  from  the 
rest  of  the  machine.  Metal-to-metal  contact  between  moving  and 
stationary  parts  will  be  eliminated  by  the  teflon  piston  rings 
and  displacer  seals,  the  polyimide  displacer  rod  bearings  and 
seals,  and  the  Kel-F  bearing  mounts.  Thus,  the  impedance  of  the 
noise  and  vibration  transmission  path  will  be  increased. 

The  basic  concept  being  applied  in  varying  the  materials  along 
the  transmission  path  is  that  of  constrained- layer  damping.  In 
this  process,  two  materials  of  different  stiffness  vibrate  out 
of  phase,  causing  a shearing'  action  in  the  less  stiff  layer. 
Energ  / absorption  in  this  layer  is  due  mainly  to  shear  stress 
developed. 

Ii> 
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The  scune  principle  was  used  to  deaden  the  gears  and  the  refrig- 
erator mounting  plate.  A laminate  of  aluminum  and  damping 
material  was  fabricated  for  the  plate,  and  two  blends  of  Dolrin^''^ 
with  titanium-magnesium  hubs  were  used  for  the  gears. 

Similarly  the  heat  exchanger  fins  were  experimentally  quieted 
by  placing  spacers  between  them  at  optimum  points. 

( 2 ) Final  Acousticil  Design 

The  basic  approach  to  the  final  refrigerator  design  was  to  re- 
duce the  generation  of  acoustic  noise  and  mechanical  vibration 
as  much  as  possible  and  to  absorb  and  isolate  as  much  of  the 
remaining  sound  and  vibration  as  practical  within  the  project 
constraints.  It  was  therefore  decided  to  design  as  quiet  a 
refrigerator  as  possible  utilizing  f ree-convection  heat  rejection. 
If  forced  convection  cooling  were  used,  the  blower  could  be  small 
and  of  acceptable  weight  but  to  be  reasonably  efficient  it  would 
have  to  operate  at  a high  noise-producing  speed.  This  additional 
noise  would  necessitate  an  acoustic  enclosure,  only  adding  to 
the  total  weight  and  size  of  the  refrigerator.  Alternatively, 
a low  speed  blower  could  have  been  used,  but  the  high  power 
consumption,  physical  size  and  weight  of  such  a unit  made  it 
unattractive.  Therefore,  considering  the  project  objectives, 
a free  convection  cooled  unic  with  inherent  low-noise  generation 
appeared  to  be  the  more  "easonabie  choice  ~j\  r a forced  convec- 
tion cooled  unit  with  either  its  high  weight,  si.ze  and  power 
consumption  or.  its  higher  noise  levels  being  absor..'cd.  ard  iso- 
lated by  an  additional  acoustic  container.  Those  hig 'i  noise 
levels  would  be  from  both  the  fan-generated  noise  and  the  addi- 
tional refrigerator  noise  transmitted  througli  tlie  thinnv:  re- 
frigerator envelope  walls;  the  walls  being  thinner  to  partially 
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compensate  for  the  greater  mass  of  the  acoustical  barrier  ma- 
terial. Barrier  materials,  to  make  effective  enclosures,  must 
have  a low  specific  stiffness,  like  load  for  example. 

Continuing  with  the  first  approach  in  the  acoustical  design, 
viz.,  to  reduce  the  generation  of  acoustic  noise  and  mechanical 

I 

vibration  as  much  as  possible,  the  following  approaches  were 
employed  in  the  final  refrigerator  design: 

Low  value  of  moving  mass.  Aside  from  overall  weight  considera- 
tions, reducing  the  magnitude  of  reciprocating  and  even  rotating 
mass  will  reduce  bearing  loads,  wear  and  resulting  noise. 

High  precision  in  drive  mechanism.  Improving  alignment  and 
reducing  tolerances  and  clearances  will  reduce  wear  and  impact 
noise,  especially  in  the  two  gears  and  in  the  rhombic  drive. 
Also,  teflon  spacers  will  be  fitted  between  all  moving  parts 
in  the  rhombic  drive  to  prevent  metal-to-metal  contact. 

Optimum  bearings.  Radial  ball  bearings  will  be  used  exclusively 
in  the  rhombic  drive.  Even  though  they  produce  acoustical  noise 
it  is  of  relatively  high  frequency  which  is  more  readily  atten- 
uated than  low  frequency  noise.  In  previous  tests,  the  noise 
from  the  ball  bearings  was  more  evenly  distributed  than  the  im- 
pact noise  generated  with  sleeve  type  bearings.  Also,  the  ball 
bearings  exhibited  loss  wear  tiian  the  sleeve  type  bearings. 

This  should  result  in  less  noise  increase  with  time. 

Low  friction  materials.  In  addition  to  bearing  wear,  there  are 
other  acoustically  critical  wear  areas.  These  include  seals 
and  guides  fabricated  from  Rulon'  ' when  loading  is  low  or  areas 
are  large,  and  from  Feuralon'”  AW,  a silver  and  tungsten  disulfide 


filled  polyimide,  when  loading  is  high  or  areas  are  small.  So 
minimum  noise  producing  wear  will  be  achieved  with  minimum  fric- 
tion. (The  proble.m  of  wear  is  considered  in  more  detail  in 
Par.  2.1.2.). 

Low  operatincr  speed.  A low  speed  machine  is  desirable  because, 
in  general,  as  the  speed  is  reduced  so  is  the  generated  noise. 
However,  1500  rpm  was  selected  as  a compromise  speed  since  at 
lower  speeds  the  D.C.  motor  would  become  less  efficient  or  gear- 
ing would  be  needed  with  more  efficient  higher  speed  ..lOtors. 
Sealing  would  also  become  a problem  at  low  speeds,  necessitating 
high  friction,  high  wear  seals  or  allowing  substantial  gas  blow- 
by  with  low  friction  seals.  Low  speeds  would  also  require  high 
charge  pressures  leading  to  increased  bearing  loads  and  associ- 
ated higher  noise  levels,  weight,  size  and  power  consumption. 

Precision  balance.  Either  static  or  dynamic  unbalance  eventually 
result  in  additional  acoustical  noise.  It  is  therefore  import- 
ant to  implement  as  well  as  possible  the  theoretically  perfect 
balance  of  the  rhombic  drive. 

Large  buffer  volume.  The  larger  the  volume  of  gas  in  the  cranlc- 
case,  the  less  the  pressure  variation  due  to  displacer  rod  and 
piston  motion,  and  the  lower  the  stress  on  the  crankcase  envel- 
ope. With  the  given  crankcase,  the  gas  volume  is  as  large  as 
possible  so  the  resulting  pressure  induced  envelope  strains  and 
vibrations  are  small. 

The  final  considerations  in  the  acoustical  design  of  the  refrig- 
erator were  to  absorb  and  isolate  as  much  of  the  remaining 
generated  noise  and  vibration  as  practical.  Included  witli  this 
was  an  effort  to  prevent  any  additional  resonance  from  being 
cited. 
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For  very  low  frequencies,  a panel  must  be  stiff  and  thick  for 
the  transmission  loss  (i.e.,  the  reduction  of  sound  energy  in 
transmission  through  a material) , to  be  high.  At  moderate 
frequencies,  panel  mass  is  more  critical.  In  general  these 
regions  are  not  well  defined  and  a considerable  amount  of  over- 
lap exists,  so  the  control  of  transmission  loss  is  assumed  by 

I 

both  mass  and  stiffness.  (The  Cryogem  tests  revealed  that  by 
adding  mass  to  the  refrigerator,  lower  overall  noise  levels 
resulted.)  As  even  higher  frequencies  are  considered,  trans- 
mission loss  is  greater  for  high  frequency  waves.  Therefore, 
as  mentioned  previously,  ball  bearings  producing  higher  fre- 
quency noise  are  more  desirable  than  plastic  sleeve  bearings 
producing  low  frequency  noise.  However,  it  should  also  be 
noted  that  wave  coincidence  can  occur  above  the  critical  fre- 
quency of  the  panel.  Resonance  also  can  occur  between  the 
stiffness  and  mass  controlled  region.  So  to  achieve  the  maxi- 
mum transmission  loss  while  keeping  within  the  constraints 
imposed  by  the  project  objectives,  a compromise  was  made  as 
to  the  total  mass  of  the  panels. 
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2.1.2  Life  and  Roliability 


The  decision  to  use  free-convection  heat  rejection,  dry  lubri- 
cation, and  brushlecs  motors  was  directly  related  to  life  and 
reliability.  The  heat  rejection  question  was  already  discussed 
in  Par.  2.1.1;  of  additional  d.nterest  here  is  that  the  refrig- 
erator reliability  will  be  higher  without  a blower.  An  oil 
lubricated  machine  will,  in  general,  have  a longer  life  with 
a higher  reliability,  but  at  the  cost  of  additional  power  con- 
sumption, added  system  complexity,  and  the  added  weight  of 
lubricant  and  as;>  . dated  equipment  (Refs.  3,  4).  Considering 
the  weight  and  power  requirements,  it  was  decided  to  redesign 
the  dry  lubricated  drive  of  the  Cryogem  so  as  to  achieve  a life 
of  3,000  hours. 

Other  test  data  from  the  Cryogem  refrigerator  was  reviewed  to 
find  all  life-limiting  areas.  Failures  had  occurred  in  the 
Rulon  A bearings,  the  nylon  and  Delrin  gears,  and  the  steel 
displacer  rod.  Problem  areas  were  brush  wear  and  contamina- 
tion from  wear  debris  and  outgassed  vapors. 

Bearings . The  results  of  a study  of  dry  lubricated  bearings 
for  extended-life  application  are  presented  in  References  5 and 
6.  This  study  was  used  as  a guide  in  selecting  the  bearings 
for  the  drive  mechanism.  Plastic  journal  bearings  of  the  type 
used  in  the  Cryogem  were  not  considered  for  this  application 
since  they  have  not  exhibited  an  extended  life  nor  can  accurate 
life  prediction  be  made  for  the  impact  type  loading  they  ex- 
perience after  initial  wear.  Ball  bearings  were  selected  for 
all  rotating  elements  becavisc  of  their  low-power  consumption 
and  high  rc.liability . Peak  loads  for  cacli  bearing  were  calcu- 
lated using  a dynamic  force  analysis  of  the  rhombic  drive. 
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Then,  each  bearing  was  selected  so  the  contact  stresses  result- 
ing from  these  peak  loads  were  less  than  the  125,000  psi  value 
set  by  bearing  manufacturers  for  extended-life  applications  of 
dry  lubricated  bearings.  Feuralon’“  AW  (Bemol  Corp.  ) was  selected 
for  the  bearing  retainer  material  because  it  has  shown  the  low- 
est wear  rate  for  high  loading,  and  because  its  coefficient  of 
friction  is  relatively  low  at  the  high  temperatures  which  will 
occur  in  the  bearings.  Its  film  strength  (that  of  a polyimidc) 
is  also  greater  than  that  of  a Teflon  base  material,  which  is 
most  often  used  in  these  applications.  This  is  of  importance 
since  it  is  the  transfer  of  this  film  from  the  retainer  to  the 
balls  and  races  by  which  lubrication  takes  place.  It  is  the 
stress  resulting  from  high  loading  which  will  cause  excessive 
wear  if  this  stress  is  greater  than  the  film  strength  of  the 
transfer  film.  In  fact,  if  this  high  stress  situation  occurs, 
large  pieces  of  wear  debris  will  be  created  and  cause  even  high- 
er stress  risers  in  the  path  of  the  balls.  Failure  of  the 
bearing  will  normally  occur  when  the  retainer  is  < /entually 
worn  away. 

Brushless  dc  motors.  The  brush-type  dc  motors  used  in  the 
Cryogem  refrigerator  were  synchronized  by  the  timing  gears 
connecting  them.  Since  these  motors  did  not  produce  the  same 
torque,  the  gears  were  heavily  loaded  and  some  failures  oc- 
curred. Also,  the  displacer  rod  did  not  exhibit  pure  recip- 
rocating motion;  this  led  to  bushing  failures  and  displacer 
rod  damage.  These  problems  were  scjlved  by  fabricating  more 
accurate  drive  components,  by  aligning  the  drive  more  accu- 
rately, by  using  a more  rigid  displacer  rod  and  constraining 
it  at  both  ends  so  only  linear  motion  was  possible,  and  by 
using  brushless  dc  drive  motors.  Those  two  motors  are  con- 
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trolled  by  one  electronic  package  and,  as  a consequence,  cog 
or  step  simultaneously.  Thus,  the  loading  on  the  timing  gears 
and  on  the  displacer  rod  is  greatly  reduced. 

Dynamic  seals.  Two  seals  are  required  for  the  double  expan- 
sion regenerator,  and  Rulon  A sleeve-type  seals  will  be  used 
for  both.  Both  seals  are  about  0.009"  thick  and  are  bonded  to 
the  regenerator  shell  with  epoxy.  This  type  of  seal  has  the 
advantages  of  being  low  in  friction  and  wear  debris  production 
while  maintaining  an  adequate  seal  for  the  3,000  hour  life. 
Results  from  a test  apparatus  (Ref.  4)  that  simulates  the  low 
pressure  difference  across  the  seals  and  that  has  a similar 
flexible  rod  that  allows  the  regenerator  to  center  itself  in 
the  cold  finger  sleeve  show  that  these  seals  will  certainly 
last  the  required  time. 

Feuralon  AW,  a silver  and  tungsten  disulfide-filled  polyimide, 
was  used  for  the  piston/displacer  rod  seal.  Unlike  Teflon  base 
materials,  the  coefficient  of  thermal  expansion  of  Feuralon  AW 
is  approximately  that  of  the  metals  used  for  the  piston  and 
displacer  rod,  thereby  reducing  the  problems  of  binding  and  ex- 
cessive blow-by  as  the  temperature  varies. 

As  concluded  in  References  5 and  6,  a glass-loaded  Teflon  Bal 
seal  with  a light  spring  expander  appears  optimum  for  the 
piston- to-cylindor  seal.  The  optimization  is  with  respect  to 
sealing,  wear,  eind  friction.  Molybdenum  disulfide  is  also 
included  with  the  glass  tiller  to  keep  the  friction  as  low  as 
possible  without  sacrificing  the  glass  wear  resisting  proper- 
ties. 
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Helium  Retention.  From  Reference  5 and  Parker  Seal  Company's 
Engineering  Report  No.  08-135  (July  1908)  and  Technical  Bulletin 
No.  66  (January  1970)  and  in-house  data,  it  was  concluded  that 
neoprene  0-rings  with  a 50%  squeeze  would  be  used  for  maximum 
helium  retention.  Leakage  rates  of  approximately  1 x 10"^std 
cc  per  sec  cm  are  expected. 

Contamination . The  internally  generated  contamination  has  been 
minimized  by  using  thin,  long-wearing  seals,  dry  lubrication, 
and  brushless  motors.  A thorough  vacuum  bake-out  will  be  per- 
formed and  only  high  purity  helium  will  be  used. 


2.2 


Porformanco 


2.2.1  Tost  Equipmont 

The  test  equipment  used  to  evaluate  the  parforroanco  of  the  re- 
frigerator was  as  follows: 

Instrument  Manufacturer 


Motor  Power  Supply 
Heater  Load  Power  Supply 
Vacuum  Station 
Thermocouples  (Copper- 

Constantan) 
Ice  Point  Reference 
Millivolt  Potentiometer 
Environmental  Test  Chamber 
Sound  Level  Meter 
Wave  Analyzer 
Recording  Wave  Analyzer 
Stop  Watch 
Digital  Multimeter 
Voltmeter 

Absorption  Dynamometer 
Oscilloscope 

Pressure  Transducer 

Elapsed  Time  Meter 
Leak  Detector 


Harrison  Labs.  - Model  #520A 
Hewlett  Packard  - #6217A 
Veeco  Vacuum  Station  - #V5-9 
Omega 

Kaye  Inst.  - #K  150-6C 
Leeds  & Northrup  - #8686 
Tenney  Engineering,  Inc. 

General  Radio  Company  - #1551-C 
General  Radio  Company  - #1900A 
General  Radio  Company  - #1910A 
Minerva  Company 
Keithley  Company  - #160 
Weston  Inst.  Inc.  - Model  #931 
John  Chatillon  & Sons  - #2200 
Tektronic,  Inc.  - Tyise  564B  storage 
with  Type  3A3  amplifier  and 
Type  3B4  time  base 
Kulite  Semiconductor  Prod.  Inc. 
#XTL-140-200 

Curtis  Inst.  Inc.  - Model  #420LA 
Veeco  - #MS-90 


2.2.2  Cold  Production 

Testing  the  refrigerator  at  various  charge  pressures  and  in  an 
ambient  of  77®F  yielded  the  following  results:  With  a charge 

pressure  of  78  psig,  cold  production  was  0.792  watt  at  77.5°K. 
By  raising  the  charge  pressure  to  92  psig,  a 1 watt  load  can  be 
maintained  at  a temperature  of  78®K  with  23.4  watts  of  shaft 
power.  Increasing  the  charge  pressure  to  100  psig  allows  the 
unit  to  except  a 1.1  watt  load  at  78“K  with  24  watts  of  shaft 
power.  Low  temperature  tests  were  obtained  by  starting  the 


unit  at  70®F  and  then  gradually  lowering  the  temperature  of  the 
environmental  test  chamber.  .With  a 1.06  watt  load,  the  refrig- 
erator ma'.ntained  75*K  at  a -50®F  ambient  with  25  watts  of  shaft 
power.  Lowering  the  ambient  below  -50*F  caused  a very  erratic 
current  drain.  At  the  125®F  ambient  (in  still  air) , the  unit 
required  25.6  watts  of  shaft  power  and  maintained  80®F  with  a 

1.06  watt  .load.  These  and  other  performance  results  are  given 

in  Tables  1 and  2.  , 

Other  pertinent  performance  results  are  ns  follows; 

Conduction  along  thermocouple  and  heater  leads;  0.016  watt. 
Vacuum  in  test  dewar;  minimum  of  10“ * toir.  s?ompression  ratio; 

1.7  to  1.8  was  maximum  obtained  using  one  Bal  seal  with  light 
spring  expander  which  resulted  in  minimiua  friction  losses. 
Clearance  between  regenerator  stages  and  cold  fi.nger  steps; 
0,001"  to  0.003"  at  T.D.C.  (top  dead  center). 

2.2.3  Cooldown 

The  cooldown  requirements  were  met  with  no  difficulty.  At  a 
125®F  ambient  and  with  a 0.019"  O.D.  by  1.48"  long  copper  wire 
installed  in  the  cold  finger  to  simulate  a 0.5  watt  heat  leak, 
the  unit  cooled  down  to  77 ®K  in  3.5  minutes  with  a shaft  power 
of  23.5  watts.  These  tests  were  performed  with  a charge  pres- 
sure of  100  psig  and  at  a speed  of  1500  rpm. 

2.2.4  Acoustic  Noise 

Acoustic  noise  data  was  taken  in  a room  approximately  25'  x 
25'  X 10'  with  '■>  42  dbA  ambient.  Using  a General  Radio  Sound 
Level  Meter  with  a type  1560-P5  microphone,  measurements  were 
taken  at  various  orientations  at  distances  of  3 feet  with  the 
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SHAFT  POWER 

(WATTS)  26.2  27.8  28.8  30.3  30.4 


unit  mounted  on  the  2'  x 2'  x 1/2"  laminated  plate.  The  formu- 
las of  Paragraph  2.1.1  were  then  applied.  Figure  2 shows  the 
sound  pressure  level  associated  with  che  refrigerator  at  various 
orientations  and  at  distances  of  3 ' , 25',  50',  75'  and  100'. 

These  calculated  values  are  conservative  as  mentioned  in  Para- 
graph 2.1.1.  Slightly  lower  readings  are  obtained  when  the  unit 
is  freely  suspended  as  opposed  to  plate  mounted.  Some  dampening 
was  employed  on  tlie  mounting  plate,  such  as  the  teflon  heat  ex- 
changer fin  dampener  and  the  yellow  deunpening  material  that  breaks 
the  metal-to-metal  contact  between  the  refrigerator  and  the  mount- 
ing  plate.  Figure  3 gives  distances  at  various  orientations 
around  the  plate-mounted  refrigerator  where  one  would  have  to 
stand  for  it  to  be  marginally  audible  against  a 40  dbA  background. 
Figure  4 is  a plot  of  relative  response  in  db  aginst  frequency. 

In  this  particular  test,  the  sound  level  meter  was  set  on  the 
C scale  so  that  all  frequencies  were  accepted.  This  signal  was 
then  passed  through  a General  Radio  Wave  Analyzer.  As  seen  from 
the  plot,  dominant  frequencies  appear  at  450  Hz,  1.5  kHz,  2.75 
kHz  and  3.25  kHz.  The  signal  representing  ambient  background 
frequencies  was  subtracted  from  the  refrigerator  signal  so  that 
a plot  of  the  unit's  relative  response  would  be  independent  of 
the  background  noise.  The  refrigerator  was  plate-mounted  as  in 
previous  noise  measurements. 
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Figure  4:  Relative  levels  of  Generated  Noise  vs.  Frequency 

2.2.5  Helium  Integrity 

Based  on  a limited  number  of  tests,  it  was  determined  that  the 
leakage  rate  is  approximately  equivalent  to  5%  loss  of  charge 
pressure  in  25  days. 

2.2.6  Motors 

The  brushless  dc  refrigerator  drive  motors  were  supplied  by 
Aeroflex  Laboratories.  They  were  installed  in  a test  fixture 
(Fig.  5),  and  an.  efficiency  test  was  performed  using  a Chatillon 
absorption  dynamometer.  The  results  are  tabulated  in  Table  3. 

As  seen  from  the  table,  with  a power  input  between  52  to  63 
watts  (which  corresponds  to  the  shaft  power  range  of  the  re- 
frigerator) , the  motor  efficiency  is  between  44.2%  and  44.68%. 
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Figure  5:  Drive  Motors 

Motor  Positic 

3: 


2 . 3 Dcgcription  of  Ref rjctorator 


A photograph  and  two  drawings  of  the  refrigerator  are  shown 
in  Figures  6,  7,  8.  Other  subassemblies  and  parts  such  as 
the  regenerator,  counterweights,  piston,  displacer  rod, 
rhombic  mechanism,  and  rhombic  support  housing  are  shown  in 
Figure  9.  This  housing  enables  the  rhombic  drive  to  be  as- 
sembled outside  of  the  crankcase.  The  final  weight  of  the 
refrigerator  including  two  electrical  plugs  is  8 lbs.  7 
ounces;  its  dimensions  are  5 7/8"  x 5 5/16"  x 9 i/4".  The 
electronic  controller  for  the  brushless  motors  weighs  3 lbs. 

5 ounces. 

A number  of  different  materials  were  used  to  fabricate  the 
refrigerator.  Magnesium  was  used  to  construct  the  crankcase 
because  of  its  lew  density.  A low  density  metal  with  a rel- 
atively high  thermal  conductivity  was  needed  to  fabricate  the 
heat  exchanger,  hence  aluminum  was  chosen.  The  heat  exchanger 
was  then  hard  anodized.  The  regenerator  was  constructed  of 
titanium  because  of  its  low  thermal ' conductivity  and  strength. 
The  sid"  walls  of  the  cold  finger  (Fig.  10)  were  also  made  out 
of  titanium  so  that  any  expansion  or  contraction  between  the 
regenerator  and  cold  finger  due  to  changes  in  tempera  ture 
would  be  negligible.  Copper  was  used  on  the  cold  spot 
(freezer  cap)  because  of  its  high  thermal  conductivity.  The 
connecting  links  were  made  from  stainless  steel,  the  displacer 
rod  was  made  from  oil-hardened  tool  steel,  and  tlie  flexible 
rod  from  high-strength  steel.  Three  Feuralon  AW  bushings 
were  incorporated  into  the  unit;  two  inside  the  piston  where 
the  displacer  rod  reciprocates,  and  the  other  on  the  bottom 
crankcase  cover  to  g'.ido  and  align  the  displacer  rod.  Beneath 
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the  regenerator  is  a cylinder  (Figure  0)  which  contains  a 
flexible  support  rod.  One  end  of  this  cylinder  is  screwed 
into  the  displacer  rod,  while  the  other  accepts  the  regen- 
erator. The  flexible  rod  in  the  cylinder  allows  for  any 
misalignment  that  may  exist.  Also  located  on  the  cylinder 
are  three  Feuralon-AW  pads  which  aid  in  alignment  and  pre- 
vent the  cylinder  from  making  metal-to-metal  contact  with 
the  heat  exchanger  wall. 

Two  sensors  are  included  with  the  refrigerator,  viii.  , an 
elapsed  time  meter  powered  by  the  24  Vdc  power  source, 
and  a pressure  transducer  rated  for  200  psig  with  a max- 
imum pressure  of  400  psig.  To  determine  operating  speed 
and  the  position  of  the  displacer,  two  signals  are  provided 
from  the  electronic  controller.  The  speed  signal  is  a volt- 
age proportional  to  the  operating  speed.  The  displacer  po- 
sition signal  is  obtained  when  a glass  encoder  disk  inter- 
mittingly  interrupts  a light  beam  (produced  by  a light  emit- 
ting diode),  thereby  activating  a switching  circuit  (Fig.  5). 
This  disk  contains  127  equally  spaced  windo-'s  along  its  outer 
circumference.  When  a window  appears  in  front  of  one  of  the 
light  sensors,  the  light  shines  through  the  windcw  and  is 
sensed  by  a detector.  Consequently,  when  a window  docs  not 
appear  (blank  spacing  between  window)  no  light  rays  are  picked 
up  by  the  detector  and  hence  a voltage  spike  occurs.  Since 
there  are  127  equally  spaced  windews,  127  voltage  spikes  will 
occur.  Or  .*  of  the  windows ' in  the  glass  disk,  has  been  cov- 
ered over,  resulting  in  a reference  spike  once  per  revolu- 
tion. This  larger  spike  can  be  used  as  a roforence  point, 
so  that  a relationship  between  the  angular  pusjition  of  the 
crankshaft  and  the  linear  position  of  tlie  displacer  yoke  can 
be  obtained. 
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VACUUM  VALVE 


Figure  7:  Assembly  Drav;ing  of  Refrigerator 
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Ficjure  9:  Uhoiubic  Drive  in  Support  Housing  and  Piston 

and  Displaccr/Kegnerator 
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Figure  10: 


Test  Dewar  with  Cover  Removed  Showing  Cold  Finger 
with  Heating  Clement  and  Thermocouple 


= CRANK  RADIUS  U80" 

= connecting  rod  length  .5130 

= ECCENTRICITY  .2980" 


3.  DISCUSSION 

3 . 1 General 

As  stated  in  Paragraph  2.2,  the  maximum  pressure  ratio  was  ob- 
tained with  a Bal  piston-to-cylinder  seal.  This  seal  also  gave 
the  minimum  amount  of  friction  losses.  To  insure  meeting  the 
3,000  hr  life,  a glass  fill  was  added  to  tihe  teflon  seal  mater- 
ial and,  to  keep  the  friction  at  a minimum,  molybdenum  disulfide 
was  also  added.  The  Feuralon  AW  seal  between  the  piston  and 
the  displacer  rod  showed  no  sign  of  wear,  and  the  Feuralon  aw- 
lubricated  bearings  appeared  under  microscopic  examination  to 
have  proper  transfer  films  on  the  balls  and  races  with  no  sign 
of  wear. 

The  u.se  of  a low  conductivity  titanium  alloy  (2.5  Sn,  5A1)  in 
both  the  cold  finger  and  displacer  regenerator  along  with  the 
Kel-F  plug  in  the  first  regenerator  stage  was  effective  in  re- 
ducing conduction  losses  while  maintaining  strength  and  seal 
integrity.  The  flexible  rod  supporting  the  regenerator,  while 
allowing  it  to  center  itself,  was  effective  in  reducing  fric- 
tion between  the  regene^-ator  seal  and  the  cold  finger  walls. 

As  shown  in  the  tables  in  Paragraph  2.2,  the  refrigerator  is 
capable  of  producing  1 watt  of  cold  at  77®K  ± 5“K  in  the  125“F 
still-air  ambient.  The  shaft  power  required  is  only  25  watts 
and  the  heat  exchanger  perfom^s  adequately  in  any  orientation. 

It  is  also  evident  that  cold  production  and  shaft  power  re- 
quired are  functions  of  charge  pressure;  and  that  a cold 
production  of  1 watt  at  the  extreme  of  77®K  + 5*'K  could  be 
obtained  with  a charge  pressure  lower  than  that  reported  in 
Paragraph  2.2.  As  a result  the  shaft  power  would  also  be 
Idwer . 
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The  overall  high  power  consumption  of  the  refrigerator  and  the 
marginal  ability  to  perform  at  the  -65®F  ambient  are  the  result 
of  the  brushless  drive  motor  being  inefficient  and  unable  to 
reliably  produce  the  torque  needed  to  overcome  the  friction  at 
the  low  ambient.  The  vendor  has  supplied  motors  with  an  effi- 
ciency of  44.2%  to  44.68%  (see  Table  3,  Par.  2.2.6)  as  opposed 
to  the  55%  to  60%  contractually  required.  Also  shown  in  chis 
table  are  performance  characteristics  foi*  brush-type  motors 
that  will  fit  into  the  cavities  occupied  by  the  brushless  motors 
and  which  weigh  less.  These  motors  are  available  as  an  alterna- 
tive to  the  brushless  motors.  They  will  solve  the  problems  of 
high  power  consumption  and  unreliable  operation  at  low  ambients, 
but  at  the  cost  of  added  contamination  and  uncertain  life  re- 
sulting from  brush  wear. 

The  acoustic  noise  data  as  presented  in  Paragraph  2.2  shows 
that  the  refrigerator,  even  when  fixed  to  a rigid  plate,  more 
than  meets  the  required  specifications  for  inaudibility  at 
100  ft.  against  a 40  dbA  background.  It  should  be  noted  that 
in  addition  to  all  the  conservative  assuiiiptions  (described  in 
Par.  2.1.1)  made  in  arriving  at  these  values  for  noise  level, 
the  noise  measurements  at  3 ft.  distance  were  taken  in  a closed 
room  approximately  25'  25'  x 10'.  This  is  yet  another  con- 

servative measure  which  implies  that  the  data  reported  repre- 
sents extreme  maximum  values  for  noise  levels  and  for  distances 
at  which  the  refrigerator  becomes  marginally  audible. 

The  low  values' for  cooldown  time  reflect  fl^e  siaall  amount  of 
mass  on  the  cold  finger.  Cooldown  obviously  will  vary  with 
different  amounts  of  mass  added  to  the  finger. 


43 


The  weight  of  the  machine  is  within  specifications  and  the 
size  is  considerably  below  specification.  Doth  these  prop- 
erties can  be  further  reduced  in  the  next  generation  of  this 
refrigerator. 

Vibration  of  the  cold  finger  was  not  measured  directly  due  to 
a lack  of  available  time.  The  levels^  however,  were  judged 
to  be  at  or  below  those  of  previously  acceptable  refrigerators. 

The  actual  life  of  the  machine  remains  to  be  determined. 

3 . 2 Failure  Rate 

During  the  initial  break-in  and  testing  period,  there  were 
failures  associated  with  the  refrigerator.  ■ Their  cause  and 
correction  are  as  follows: 

Kel-F  bushings  on  main  bearings.  In  the  initial  break-in 
period,  it  was  found  that  two  of  the  four  Kel-F  bushings  that 
surround  the  main  bearings  had  worked  loose  and  contacted  the 
counterweights.  The  solution  was  to  simply  secure  these  bush- 
ings in  place  by  a thin  metal  bracket.  This  bracket  is  held 
in  place  by  two  screws  mounted  to  the  case  housing  of  the  in- 
ner motor.  This  method  proved  successful  and  no  further  prob- 
lems were  encountered  with  the  bushings. 

Regenerator  seals.  As  seen  in  Figure  9,  there  are  Rulon  seals 
epoxied  to  the  lower  portion  of  each  stage  of  the  two  stage 
regenerator.  During  the  initial  break-in  period,  it  was  no- 
ticed that  eitlior  one  and  sometimes  both  of  tliese  seals  would 
break  off.  This  would  drastically  liamper  cold  production  and 
would  also  cause  an  increase  in  power  consmiption.  It  was  felt 
that  the  reason  why  the  seals  were  not  remaining  in  place  was 
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period,  it  was  found  that  two  of  the  four  Kel-F  bushings  that 
surround  the  main  bearings  had  worked  loose  and  contacted  the 
counterweights.  The  solution  was  to  simply  secure  these  bush- 
ings in  place  by  a thin  metal  bracket.  This  bracket  is  held 
in  place  by  two  screws  mounted  to  the  case  housing  of  the  in- 
ner motor.  This  method  proved  successful  and  no  further  prob- 
lems were  encountered  with  the  bushings. 

Regenerator  seals.  As  seen  in  Figure  9,  there  are  Rulon  seals 
epoxied  to  the  lower  portion  of  each  stage  of  tlie  two  stage 
regenerator.  During  the  initial  break-in  period,  it  was  no- 
ticed that  eitlier  one  and  sometimes  both  of  tliese  seals  would 
break  off.  This  would  drastically  hamper  cold  production  and 
would  also  cause  an  increase  in  power  consimiption . It  was  felt 
that  the  reason  wliy  tlio  seals  wore  not  remaining  in  place  was 


that  either  the  epoxy  used  (Bondmaster  Will)  was  beyond  its 
shelf  life  or  that  the  outer'  surface  of  the  regenerator  was 
not  properly  prepared  to  accept  the  epoxy  and  seal.  The  solu- 
tion to  this  problem  was  to  purchase  a new  supply  of  epoxy  and 
to  properly  prepare  the  outer  stjrface  of  the  titanium  regenera- 
tor where  the  seals  are  fastened.  This  was  done  by  etching  the 
regenerator  surface  using  a solution  of  Pasa-Jell  107.  The 
Pasa-Jell  is  specifically  made  to  impro^>e  the  metal  bond  ad- 
hesion of  titanium  aJ.loys.  The  surface  was  also  sandblasted 
and  scored  in  a lathe  using  a thin  cutting  tool.  After  pre- 
paring the  surface  by  this  method  and  using  the  new  epoxy,  the 
two  Rulon  seals  remained  firmly  in  place  throughout  the  re- 
mainder of  the  testing. 

Displacer  rod.  The  displacer  rod  which  is  securely  fastened 
to  the  lower  yoke  and  controls  the  motion  of  the  regenerator, 
experienced  a slight  bending  in  early  operation  of  the  refrig- 
erator. It  was  felt  that  the  rod  was  too  thin  (0.125"  dia.) 
and  could  easily  be  bent  out  of  alignment.  The  solution  was 
to  redesign  the  rod.  A thicker  rod  (0.156"  dia.)  was  made  with 
a flange  that  was  securely  fastened  into  the  lower  yoke  for 
greater  alignment  and  strength  (Figure  9) . 

Delrin  gear  teeth.  These  teeth  were  not  totally  constrained 
to  rotate  in  a single  plane.  A thin  retaining  plate  was  added 
on  one  side  of  the  gear  hubs  to  insure  that  they  did. 

Brushless  drive  motors.  One  light  omitting  diode,  assorted 
transistors  and  operational  amplifiers,  and  other  components 
in  the  logic  circuit  failed  during  alignment  and  operation  at 
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the  ambient  temperature  extreme.  It  was  felt  that  the  majority 
of  these  failures  were  due  to  high  voltage  and  current  spikes; 
the  circuits  were  repaired  and  modified  where  possible  and  a 
conservatively  valued  fuse  (4  A)  was  added, 

3 . 3 Economic  Analysis 

Based  on  adjusted  machining  costs  (assvuning  more  economical 
lot  pro iuction  techniques  will  be  used  where  applicable)  and 
on  estimated  motor  costs,  the  following  estimate  is  made  for 
refrigerator  lots  of  500  and  1,000: 

Cost  per  Refrigerator 
500  lots  1000  lots 


With  brushless  motor* 


$3000 


$2500 


With  brush-type  motor 


$2500 


$2000 


*It  is  assumed  that  adequate  motors  will  be  used. 


4. 


CONCLUSIONS 


The  main  purpose  of  this  program  was  to  develop  an  inaudible, 
Stirling  cycle  refrigerator.  The  acoustic  noise  specification 
of  inaudibility  at  100  ft.  against  a 40  dbA  background  was 
bettered.  Weight  was  at  specification  and  size  was  well  below 
it.  Cooldov;n  times  were  closer  to  design  goals  than  to  speci- 
fications. Vibration  levels  were  judged  to  be  acceptable,  and 
refrigerator  orientation  did  not  affect  vibration,  noise  or 
cooling  capacity.  The  refrigerator  was  capable  of  cooling  and 
maintaining  a one-watt  heat  load  at  77®K  i 5“K  when  at  the  125®F 
ambient.  The  brushless  drive  motors  used  to  power  the  refrig- 
erator were  only  44%  efficient  (this  was  below  the  specification 
accepted  by  the  motor  vendor)  and,  as  a consequence,  the  refrig- 
erator consumed  too  much  power.  The  shaft  power  consumed  by 
the  refrigerator,  however,  was  below  26  watts  when  producing 
1 watt  of  cold  at  77“K  ± 5*K  at  the  125®F  ambient.  This  shows 
that  a 62%  efficient  drive  motor  would  bring  the  power  consump- 
tion within  specifications.  These  inefficient  brushless  motors 
were  also  incapable  of  reliably  develop’ ng  sufficient  torque 
to  operate  the  refrigerator  at  the  -65°F  ambient.  With  the  ex- 
ception of  the  deficiencies  caused  by  tlie  drive  motors,  the 
refrigerator  met  or  exceeded  all  specifications. 
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5. 


RECOMMENDATIONS 


• Perform  statistically  significant  life  tests  on  this 
and/or  similar  refrigerators. 

• Modify  the  crankcase  design  slightly  to  minimize  the 
effect  of  brush  contamination  and  investigate  brush- 
type  dc  drive  motors. 

• Procure  sensitive  dynamic  balancing  equipment  so  a 
more  precise  balance  of  the  total  machine  can  be  ob- 
tained. 

• Develop  an  even  smaller,  quieter,  lighter  weight  re- 
frigerator with  similar  efficiency  and  performance. 

• Develop  a similar  machine  with  a longer  life  by  uti- 
lizing unsupported  metal  bellows  and  an  oil-lubricated 
drive. 
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n this  section  a brief  outline  of  the  baeic  principles  of  the 
tirling  cycle  is  presented . ^ ^ ^ From  an  elementary  theory  the 
sneral  properties  of  the  cycle  will  be  derived  with  a discussion 
f the  most  important  losses,  it  should  bo  noted  that  tVio  pre- 
sntation  is  essentially  taken  from  Part  Two  of  reference  1.  For 
more  extensive  treatment  of  the  subject  reference  should  be  made 
3 the  original  paper^  ^ . 

jndamental  Cycle 

4 

\ the  ideal  Stirling  cycle,  the  cold  is  produced  by  the  reversible 
epansion  of  a gas.  The  gas  performs  a closed  cycle,  during  which 
: is  alternately  compressed  at  aniloient  temperature  in  a compression 
>aco  and  expanded  at  the  desired  low  temperature  in  an  expansion 
>ace,  thereby  reciprocating  between  these  spaces  through  one  con- 
JCting  duct,  wherein  a regenerator  provides  for  the  heat  exchange 
stween  the  outgoing  and  the  returning  gas  flow.  Figure  1 shows 
lages  in  carrying  out  the  ideal  cycle. 

i this  diagram,  A is  a cylinder,  closed  by  the  piston  B,  and  con- 
lining  a nearly  perfect  gas.  A second  piston,  tlio  displacer  C, 
•vides  the  cylinder  into  two  spaces,  D at  room  temperature  and  E 
. the  low  temperature,  connected  by  the  annular  passage  F,  Tliis 
issage  contains  the  regenerator  G,  a porous  mass  with  a high  heat 
ipacityr  the  temperature  in  the  passage  is  shown  in  the  graph. 

.e  cycle,  consisting  of  four  phases,  runs  as  follows: 

I Compression  in  space  D by  the  piston  B;  tlie  heat  of  com- 
pression is  discliarged  through  the  cooler  II. 

Dr.  J.  W.  L.  Kohler  "The  Gas  Hof rigerat i mi  Machine  and  Its 
Position  in  Cryogenic  Technique,"  Progress  hi  Cryogenics  2, 

41-07  (I960)  London,  ileywood  and  Company  Ltd. 

A.  Daniels,  "Cryogenics  for  Elcctro-opL  ical  vSystems,"  !■; lect ro- 
Qptical  Systems  Design  , v o 1 . 3 , pj  i . 12-20,  .July  1. 9 7 1 . 

J.  W.  L.  Kohler  and  C,  0.  Jonkers,  Pliilips  Tech  Rev.  _Uj 
69-78,  105-115  (1954) 
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The  iilrril  S titling  cycle.  The  Figure  shotis  the  iFJJerenl  positions  1-4,  arrorjing 
I-Jl  rejer  to  the  four  phase-  of  the  cycle.  The  graph  on  the  right  shous  the 
temperature  distribution  in  the  machine 


II  Transfer  of  the  gas  through  the  regenerator  to  space  E 
by  movement  of  the  displacer.  The  ga's  is  reversibly 
cooled  down  in  the  regenerator,  the  heat  of  the  gas 
being  stored  in  the  regenerator  mass, 

III  Expansion  in  the  cold  space  by  the  combined  movement  of 
the  piston  and  the  displacer;  the  cold  produced  is  dis- 
charged through  the  freezer  J,  and  utilized. 

IV  Return  of  the  gas  to  space  D;  thereby  the  gas  is  reheated, 
the  heat  stored  in  the  regenerator  being  restored  to  the 
gas  . 

With  no  regenerator  present  the  gas  flowing  to  the  expansion  space 
would  arrive  there  at  ambient  temperature,  whereas  the  returning 
gas  would  arrive  in  the  compression  space  at  the  low  temperature; 
this  effect  would  cause  such  a tremendous  cold  loss  that  tlie  wliolo 
process  would  become  futile.  In  an  ideal  regenerator,  a temper- 
ature gradient  is  established  in  the  direction  of  tlie  gas  flow. 

This  causes  the  gas  to  bo  cooled  down  reversibly,  so  tluit  it  arrives 
in  the  expansion  space  with  tlie  temperature  prevailing  tlierc. 
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Figure  2 shows  the  p-V  diagram  of  this  schematic  cycle,  neglecting 

the  dead  space.  It  consists  of  two  isotherms  and  two  isochoros; 

at  (compression  temperature)  the  amount  of  heat  is  rejected, 

at' T (expansion  temperature)  the  amount  of  heat  Q,,  is  absorbed, 

c,  L 


V ► . 

Figure  2.  p-V  diagiam  of  the  idiol  eyclc  Ac/nrcfi 
the  tfrttfyfratura  To  and  'I'f.  uhrre  tlw  amounts  of 
heat  Qc  and  Qt:  are  discharged  and  ahsothed, 
respfclit  ely.  The  heat  Q,,  refected  in  phase  11,  it 
stored  in  the  regenerator  and  absorbed  in  phase  1 le' 


Actually,  the  discontinuous  movement  of  the  piston?  is  difficult 
to  achieve.  In  practice,  the  pistons  are  actuated  by  a crank 
mechanism  and  are  thus  moving  liarmonically ; for  the  machine  to 
act  as  a refrigerator,  the  expansion  space  I’,  (Figvire  1)  has  to 
lead  in  phase  with  respect  to  the  compression  space  D.  The  har- 
monic motion  and  t)ie  volume  of  the  heat  exchangers  (the  so-called 
'dead  space')  cause  the  four  phases  of  the  cycle  to  merge  somewhaf. , 
so  that  tliey  cannot  be  distinguished  very  well;  tlie  gas  is  not 
exclusively  compressed  in  tlie  compression  space,  bill  also  in  the 
expansion  space,  aiivi  t’nc  same  holds  for  tlio  expansion.  If  can  be 
shown  however  that  the  difference  in  output  between  the  discontin- 
uous and  the  liarmonic  process  is  only  a few  percent. 
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The  fundamental  cycle  is  explained  here  with  the  help  of  the  dis- 
placer machine.  The  reason  is  that  actual  machines  are  also  oC 
this  type.  It  will  be  obvious,  however,  that  the  cycle  may  bo 
described  more  generally  by  two  synchronously  changiruj  volumes 
interconnected  by  a cooler,  a regenerator,  and  a freezer,  whereby 
the  volume  that  is  leading  in  phase  becomes  the  expansion  space 
wherein  the  cold  is  produced.  Formulae  for  tVie  pressure  variation, 
the  refrigerating  capacity,  and  the  shaft  power  for  this  general 
case  will  be  given  in  the  next  section. 


Performance  of  the  Ideal  (isothermal)  Cycle 

In  the  ideal  machine,  the  thermal  contact  in  the  heat  exchangers 
is  assumed  to  be  perfect,  so  that  the  gas  temperature  there  is 
equal  to  the  temperature  of  the  walls;  the  same  temperature  is 
supposed  to  prevail  in  the  adjoining  cylinders,  which  temperatures 
thus  are  constant  with  time.  The  regenerator  is  also  assumed  to 
be  perfect,  so  that  no  regeneration  loss  occurs  and  the  gas  temper- 
ature there  is  also  constant  with  time.  The  working  fluid  is  sup- 
posed to  bo  a nearly  perfect  gas;  this  condition  can  be  met  suf- 
ficiently by  using  hydrogen  or  helium  in  practice. 


(1)  Pressure  variation.  For  the  expansion  space  V (temperature 

Ili 

Tp)  and  the  compression  space  V (temperature  T.J  we  write 

ti  V..*  C 


Vq  = ^ wVq[ 1 + cos (a-p) ^ 


(1) 


where  is  the  maximum  volume  of  the  expansion  space,  w the  ratio 
of  the  swept  volumes  of  the  compression  and  the  expansion  space, 
and  the  phase  difference  between  these  spaces;  the  crank  angle 
a(=  0 for  Vj,  = changes  J.inoarly  with  time  (a  = ijjt)  , The 

volumes  of  the  freezer,  the  regenerator,  and  the  cooler,  which 
form  the  connecting  channel  (the  dead  space),  will  bo  indicated 
by  Vg  with  the  corresponding  temperature  , The  variation  of  tlie 
pressure  p with  time  (or  u)  now  follows  from  the  condition  that  the 
mass  of  the  system  as  a wliolc  is  constant: 
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constant  == 


sre  M is  the  molecular  weight  of  the  gas,  R is  the  gas  constant, 

1 C is  a constant.  After  introduction  of  V and  V from  equation 
) and  of  the  symbols 


and 


T 


the  temperature  ratio 


s 


_ '^c 


the  total  dead  space 


educed  to  the  swept  volume  of  the  expansion  space  and  normal- 
ed  to  the  temperature  of  the  compression  space  T ) , this  reduces 

w 

I 

C 

T a TCOsa4-wco8(a-<A)  + T+u.’  + 2i 

p 


lis  expression  is  easily  transformed  into 

^ =3  Acoi{<x—6)  + B = fl[l 4-&co8(tt”-0)l 

P 


Ith  the  abbreviations 


A = v/(T*+w*  + 2rft'co9</>); 

B=  8;  tanfl  = 
B 


IJ  = t + w + 2s 
tv  sin  ^ 

T + WC03<^ 


ie  constant  A may  be  interpreted  as  two  times  the  total  change  of 
alume,  while  B equals  two  times  the  mean  total  volume,  both  reduced  to 
and  normalized  to  T . For  the  pressure  p we  thus  find 


C I 

ii  i + 8 cos  (a  - 0) 


P 


which  may  be  written  more  conveniently 


P 


1 +5cos(a-fl) 


i 4-Scos(a-«fl) 


(2) 


with  the  introduction  of  p and  p . for  the  maximum  and  minimum 

* max  *-min 

valies  of  the  pressure  during  the  cycle. 

4 

Expression  (2)  shows  that  the  pressure  variation  with  time  is  not 

purely  harmonic.  In  practice,  the  deviation  of  harmonic  behaviour 

is  rather  small  however  (the  function  is  symmetrical  with  respect  to 

P • < \^hich  points  are  180°  apart)  , as  the  value  of  6 sel- 

max  min 

dom  exceeds  0.4.  This  means  that  the  pressure  ratio  of  this  typo 
of  machine 

/»mM  _ ^ 4-8 
/’min  ' 1-5 

is  about  2,  a remarkably  low  value  compared  with  what  is  normal  in 
refrigerating  apparatus.  The  presence  of  the  phase  angle  9 shows 
that  the  pressure  variation  is  not  in  phase  with  the  variation  of  the 
expansion  or  the  compression  space;  it  is  easily  checked  that  its 
phase  is  intermediate  between  that  of  these  spaces  (9  ->  for  t 0)  . 
It  will  be  found,  for  this  reason,  heat  is  absorbed  in  the  expansion 
space  and  liberated  in  the  compression  space.  For  later  reference, 
given  here  is  the  expression  for  the  mean  pressure  p^^,  deduced  by 
integrating  the  pressure  with  respect  to  the  crank  angle  u; 


(3) 


(2)  Keat  absorption  in  cylinders.  The  heat  absorbed  per  cycle  in 
the  expansion  space  (Q^)  and  in  the  compression  space  (Q^,  a neg- 
ative quantity)  is  given  by 


That  these  expressions,  which  are  normally  used  for  spaces  with  a 
constant  gas  content,  may  also  be  used  in  the  case  where  gas  enters 
and  leaves  the  space  can  be  proved  by  an  involved  thermodynamic 
reasoning  which  is  omitted  liere.  it  is  easily  seen  that  the  value 
of  the  integrals  depends  only  on  the  components  of  p which  have 
the  same  phase  as  dV_  and  dV_;  this  means  that  0 ^ 0 < p if  the 
machine  has  to  operate  as  a refrigerator.  Evaluation  of  the  inte- 
grals leads  to 


with 


Lh  - - » oAn  ^ 

Qc  = 

<i  = l + v'(l-S^)  ^ 2 


..(4) 


For  practical  use,  equation'  (4)  may  be  transformed  into  q^,  the 
heat  absorbed  per  second  (or  the  refrigerating  capacity)  by  insert- 
ing n,  the  number  of  revolutions  per  minute.  If  V is  expressed 

3-2  ^ 

in  cm  , p in  kg  cm  , and  q„  in  watts,  it  is  found  that 


5*136  n u’sin<^ 

” T”  "^"’1000  ' 


(in  watts) 


• • M 


Expression  (4a)  shows  that,  besides  with  und  n,  the  output  is 
proportional  to  p^^  and  inversely  proportional  to  the  function  D, 
wViich  was  defined  as  the  mean  reduced  and  normalized  volume.  The 
consequences  of  the  dependence  on  the  mean  pressure  and  the  temper- 
ature ratio  (t  is  also  contained  in  s)  , wliicli  constitutes  one  of 
tlte  features  of  tlie  process,  will  be  discussed  al  more  length  later. 
According  to  expression  (4a)  at.  increase  of  the  dead  space  s reduces 
the  output,  as  could  bo  expected.  A discussion  on  the  influence  of 
tlie  design  constants  w and  ^ would  be  very  el.ujorate  and  lengthy  and 
is  therefore  outside  tlie  scope  of  this  report;  their  choise  depends 
argoly  on  the  losses  of  the  process. 
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For  the  work  W neodod  to  drive 


Shaft  power  and  efficiency. 
! machine  one  may  write 


Thus 


-ih-Qc 


W^{r-\)ih  = 


V tv&\wih 

(’■- 1)  ^ o/’m 
a li 


...(5) 


.ng  equation  (5)  the  efficiency  of  the  cycle  is 


1 


1 ^ 7’k 

ly  T-1  . 7'c-7’t 


...(6) 


i efficiency  of  the  ideal  cycle  thus  equals  that  of  the  Carnot 
:le;  this  is  obvious  as  the  cycle  is  completely  reversible. 


:hough  in  actual  machines  the  performance  is  reduced  by  losses, 
be  discussed  in  the  next  section,  the  ideal  cycle  has  to  be  con- 
lered  as  the  reference  process,  because  most  essential  facts 
i be  deduced  from  it. 


lore  closing  this  section  two  remarks  on  the  representation  of 
\ process  will  be  made.  The  first  remark  concerns  the  represon- 
;ion  in  a thermodynamic  diagram  (e.g.,  p vs  V,  T vs  S,  etc.). 

‘se  diagrams  always  relate  to  a fixed  quantity  of  the  working 
lid,  which  has  to  be  in  internal  equilibrium  (equal  p and  T 
roughout)  ; this  quantity  is  passed  tlirough  a number  of  thermo- 
lamic  states  and  (at  least  in  a closed  system)  is  returned 
timately  to  its  initial  state,  so  that  a cycle  is  described. 
)king  at  the  Stirling  process,  it  is  found  tiiat,  in  so  far  as 
:lic  behaviour  is  con'^erned,  nothing  abnormal  is  at  hand.  How- 
ir,  the  system  is  not  homogeneous  at  all,  as  different  parts  of 
have  a different  temperature.  As  a consequence,  different  gas 
rticles  describe  completely  different  cycles  between  (.lifferont 
iperatures;  to  m.cntion  only  two  extreme  examples,  some  particles 
! reciprocating  between  the  compression  space  and  a point  in  the 
ilcr,  while  other  particles  are  reciprocating  between  a point  in 
» freezer  and  the  expansion  space.  That,  because  of  tliis  situa- 
m , normal  diagrt.n\s  have  lost  thoir  value  is  sliown  by  the  fact 
It  one  Would  luave  to  draw  an  infinite  number  of  diagrams  lor  the 
'se  particles  with  different  cycles,  whicli  obviously  leads 


50 


mipiiiu  II. I II 


.pi—T'- 


owhere.  The  only  diagram  whicV'  still  has  some  sense  is  the  p-V 
iagram,  as  the  system  is  homogeneous  in  p.  But  in  such  a diagram 
ne  is  not  allowed  to  draw  isotherms  or  adiabatos,  as  these  lines 
ave  lost  their  meaning^  To  avoid  this  difficulty  when  drawing 
igure  2,  the  dead  space  was  assumed  to  be  zero;  in  tj^at  cose 
sotherms  may  be  drawn,  since  only  then  the  gas  is  at  thermal 
luilibrium  during  the  compression  and  the  expansion.  When  the 
diabatic  losses  are  discussed  in  the  next  section,  this  subject 
ill  have  to  be  returned  to.  The  second  remark  concerns  the 
3Scription  of  the  cycle  in  a schematic  form.  The  transfer  of  the 
as  from  the  compression  space  to  the  expansion  space  and  vice 
arsa  is  performed  with  constant  volume  of  the  gas;  this  is  the 
Lmplest  representation,  as  the  transfer  can  be  effected  by 
le  movement  of  the  displacer  only.  But  this  way  of  transfer  is 
ily  one  example  of  a multitude  of  possibilities  which  exhibit 
le  common  property  that  regeneration  is  possible.  As  another 
cample  consider  transfer  at  constant  pressure,  which  way  of  trans- 
2r  approximates  the  harmonic  cycle  much  better.  The  only  reason 
ly  this  manner  of  transfer  is  not  used  to  explain  the  cycle  is 
lat  it  can  only  be  accomplished  by  simultaneous  movement  of  the 
.ston  and  the  displacer,  which  obviously  is  more  complicated, 
lis  point  is  stressed  because  at  many  places  in  literature  the  ■ 
ransfer  with  constant  volume  is  considered  to  be  one  of  the  main 
laracteristics  of  the  Stirli’ig  cycle,  to  contrast  it  with  the 
'cie  of  Claude  (with  separate  compressor  and  expander) , where 
le  transfer  is  performed  at  constant  pressure.  explained,  this 

,ew  does  not  correctly  locate  the  distinction  between  the  two 
'cles,  the  real  difference  being  that  in  the  Stirling  cycle  the 
is  is  reciprocating  through  one  connecting  duct,  wherein  the  lieat 
xchange  is  brought  about  by  regeneration,  whereas  in  the  Claude 
'cle  the  connecting  circuit  consists  of  a counter-flow  heat 
:changer  (with  two  channels) . Apart  from  the  restriction  contained 
, the  first  remark  the  Stirling  cycle  thus  closely  resembles  Uic 
aude  cycle  thermodynamically. 
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The  Actual  Cycle 


A.s  stated  already,  the  actual  cycle  differs  from  tlie  ideal  one  by 
the  occurrence  of  losses.  For  a fuller  discussion  on  this  subject 
reference  is  made  to  the  original  paper^''\  here  only  the  most 
characteristic  effects  will  be  treated. 

The  losses  can  affect  the  process  in  two  different  ways,  viz., 
by  increasing  the  shaft  power  and  by  decreasing  the  refrigerating 
capacity;  the  smaller  the  ideal  values  of  these  quantities,  the 
more  pronounced  will  be  the  relative  effect.  Figure  3 illustrates 
that  increase  of  the  shaft  power  exerts  the  greatest  influence  at 
high  refrigerating  temperatures,  while  decrease  of  the  output  creates 
the  most  adverse  effects  at  low  temperatures.  In  this  way  a temper- 
ature range  arises,  the  "optimum  working  range",  wherein  the  actual 
efficiency  differs  least  from  the  ideal  one  (i.e.,  where  the  figure 
of  merit  is  highest) . This  range  may  be  shifted  both  to  higher 
and  to  lower  temperatures  by  suitable  design?  moreover,  its  limits 
greatly  depend  on  present  and  future  technological  possibilities. 


Fi^rurc  .1 . of  tL-  ihajt  1>  the  '<  fn''er  - 

illiilH  iiipfO  ily  i|/  iijiiro  foul  of  h otf’i  rofure  I he  full 
lines  apply  to  the  oteiil  pmee.s,  the  ilotleJ  lines  to  iin 
(letuiil  mill /line  :iith  losiis 
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The  increase  in  shaft  power  is  mainly  due  to  throo  causes,  namely, 
the  mechanical  loss  of  the  drive,  the  flow  loss  (that  is,  the  power 
needed  to  force  the  gas  through  the  narrow  connecting  circuit)  and 
the  adiabatic  loss.  The  first  two  losses  need  no  further  comment, 
but  the  adiabatic  loss  will  be  discussed  at  greater  length.  In 
the  ideal  isothermal  process  it  was  assumed  that  the  temperature 
in  the  cylinders  is  constant  witli  time.  This  means  that  the  therraai 
contact  between  tlie  gas  and  the  wall  in  the  cylinder  spaces  is 
assumed  to  be  so  perfect  that  these  walls  can  be  employed  as  well 
:o  establish  the  contact  between  the  gas  and  the  surroundings, 

:hat  is,  to  serve  as  cooler  and  freezer.  In  this  case,  separate 
leat  exchangers  are  of  no  use  and  must  be  omitted;  this  ideal 
lachine  thus  consists  of  the  two  cylinders  and  the  regenerator  and 
,s  therefore  referred  to  as  the  "three-element  machine", 

.ct\ially,  the  separate  heat  exchangers  are  introduced  because  the 
hermal  contact  between  the  gas  and  the  cylinder  walls  is  always 
o poor  that  insufficient  heat  exchange  with  the  surroundings  can 
e established  through  these  walls;  for  this  case  the  name  "five- 
lement  machine"  is  used.  As  a consequence,  the  temperature  of  the 
as  in  the  cylinders  changes  nearly  adiabatically  with  time.  This 
diabati.c  behavior  has  only  a minor  influence  on  the  efficiency 
it  would  be  too  involved  to  give  the  full  explanation  here;  it  is 
ased  on  the  fact  that  these  processes  occur  in  both  cylinders  with 
ne  same  phase,  so  that  the  temperature  ratio  is  independent  of  time) , 
it  in  this  case  the  heat  (or  the  cold)  must  bo  transported  '^rom  tlie 
flinders  to  the  lieat  exchangers.  This  transport  can  only  be  effected 
r the  reciprocating  gas  which  performs  it  by  assuming  different 
jmperatures  when  flowing  in  opposite  directions,  with  the  result 
lat  the  mean  temperatvire  in  each  cylinder  deviates  from  that  in 
le  adjoining  lieat  exchanger.  Figure  4 shows  schematically  tlie  tem- 
srature  distribution  in  the  macliine.  It  will  bo  observed  tliat  tlio 
lan  temperature  in  the  expansion  cylinder  is  lower  than  that  of 
le  freezer  and  tliat  the  mean  temperature  in  tlie  compression  cylinder 
higher  than  that  of  the  cooler.  This  means  that  the  ratio  of  tlie 
linder  temperatures  is  higher  than  that  of  the  tempcraturis  of  the 
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I'itfurc  4.  Ti'inpi'raturc  diitrihution  in  the  luliiihatic 
'fiVf-ilnwnt  nuirhine' . The  fonhift  tcith  the  surujiiml- 
ingt  ti  r/Ja  tiKih  d hy  the  cooler  nnd  the  fteezer.  The 
mean  temperoture  in  the  eompresuon  tpuee  Tc  j n higher 
than  the  colder  tent; erature  'IV  at  heat  mast  be  trans- 
ported from  the  cylinder  to  the  cooler;  hy  the  tiime  argu- 
ment the  mean  temperature  tn  the  expamion  space  'IV, « 
is  lou'cr  than  that  of  the  freezer  'IV. 


heat  exchangers,  which  causes  an  increase  in  shaft  ^jower.  Strictly 
speaking,  the  expression  "adiabatic  loss"  is  therefore  misleading 
and  should  be  rtiplaced  by  "transport  loss".  it  is  adhered  to 
though,  because  ultimately  the  adiabatic  beliavior  is  tl;e  fundaiTi- 
ental  cause  that  has  necessitated  the  introduction  of  separate  heat 
exchangers.  Because  the  value  of  the  tempera,  .’re  ratio  ~ is  larger 
in  the  adiabatic  than  in  the  isothermal  case,  one  would  expect  also 
a decrease  in  refrigerating  ca  city;  this  influence  is  very  small, 
however,  as  the  larger  value  of  r is  nearly  compensated  ):y  a decrease 
of  the  quantity  D,  the  mean  relative  volume  of  the  working  circuit, 
which  quantity  has  another  form  in  the  adiabatic  case. 

In  the  above  discussion  the  use  of  the  expressioiis  "adiabatic  com- 
pression" or  "expansion  lias  been  ’ intentionally  avo.idcd.  The  reason 
is  that  the  gas  is  compressed  and  exiiandod  everywhere  in  the  working 
sjiace;  its  behavior  during  tliese  processes,  however,  depends  larc/ely 
on  the  condition  of  heat  transfer  prevailing  in  the  various  sections 
of  the  volume.  While  in  the  cylinders  t he  gas  1 emperat  ure.s  cliange 
nearly  adiabatically , this  is  not  the  case  in  the  connei.M. ing  circuit; 
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in  the  regenerator,  for  example,  the  heat  transfer  is  so  high, 
that  the  behavior  is  practically  isothermal.  Thus,  while  the 
actual  Stirling  process  is  certainly  not  isothermal,  it  would  be 
incorrect  to  call  it  adiabatic.  This  situation  thus  furnishes 
still  another  example  for  the  previously  made  remark  that  thermo- 
dynamic diagrams  are  of  little  value  for  this  process. 

The  decrease  of  the  i ef rigerating  capacity  is  mainly  due  to  two 
effects,  the  flow  loss  and  the  insulation  loss.  Again  no  comment 
is  made  on  the  flow  loss.  Also  the  insulation  (and  conduction) 
loss  proper  needs  no  discussion.  There  exists  another  loss,  how- 
ever, mat  acts  as  an  insulation  loss  as  well  wliich  has  the  utmost 
importance  for  the  quality  of  the  process.  This  loss,  caused  by 
the  non-ideal  behavior  of  the  renerator,  will  nov/  be  discussed. 


It  is  obvious  that  in  the  Stirling  process  ideal  regeneration  is 
possible  in  principle  as  the  same  amount  of  gas  passes  the  regener- 
ator in  both  directions  with  the  same  temperature  difference,  so 
that  the  arr.ount  of  heat  rejected  and  absorbed  by  the  gas  for  both 
directions  of  flow  is  the  same,  since  the  specific  heat  is  independent 
of  pressure  (which  is  practically  the  case  for  nearly  perfect  gases). 
The  following  argument  shows  the  extreme  importance  of  a small  depar- 
ture from  ideality  of  the  regenerator,  caused  by  non-ideal  heat 
transfer.  In  the  regenerator  a quantity  of  heat  Q must  bo  absorbed 
and  rejected  in  each  cycle.  Owing  to  imperfections,  this  amount  is 
reduced  to  where  ^ is  the  efficiency  of  tlie  regenerator.  This 

means  that  only  part  of  the  available  heat  is  transferred  to  the 
regenerator.  The  rest,  that  is  (1-''^)Q^,  is  carried  along  with  the 
gas  tlirough  the  regenerator,  so  that  the  gas  arrives  too  liot  in  the 
expansion  space.  This  remainder,  thus  constitutes  the  rcgcncrat  ion 

loss.  As  this  loss  must  be  made  up  from  the  cold  produccLl  Q , it 
must  be  compared  witli  tliis  quantity.  Calculations  s^'.ow  tliat 
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• The  constant  depends  mainly  on  the  compression  ratio;  its  value 
is  approximately  10,  For  example,  take  = 300 “K,  = 7 5®K,  and 

the  regeneration  loss  l-n^=  1%;  then 


— = 10  X 1 X 3 = 30  per  cent 
°E 

Thus  each  percent  of  regeneration  loss  involves  a loss  of  30  per 
cent  in  refrigerating  power;  below  30“K  this  figure  even  increases 
to  greater  than  90  percent,  meaning  that  at  such  temperatures  the 
entire  cold  production  is  consumed  by  the  regenerator.  It  is  thus 
no  exaggeration  to  call  the  regenerator  the  heart  of  the  machine. 

The  regenerator  used  in  actual  gas  refrigerating  machines  consists 
of  a mass  of  fine  metal  wire,  forming  a light  felt-like  substance. 
With  this  type  of  material,  efficiencies  of  99  per  cent  and  higher 
can  be  obtained;  the  thermal  conductivity  of  the  material  is  very  low. 

This  section  will  be  ended  with  a short  discussion  on  the  problem 
of  how  to  minimize  the  total  sum  of  the  losses;  this  problem  is 
very  involved  indeed,  so  that  only  a very  broad  outline  can  be  given. 
As  an  example,  the  regenerator  will  be  considered.  The  losses  of 
the  regenerator  make  themselves  felt  in  three  different  ways,  viz., 
the  regeneration  loss  (reducing  the  cooling  power),  the  flow  loss, 
and  the  dead  space  (this  is  not  a real  loss  as  the  shaft  power  is 
also  decreased;  it  exerts  its  influence  through  the  other  losses, 
as  these  increase  relatively) . The  regeneration  loss  can  be  reduced 
by  making  a longer  regnerator;  this,  however,  increases  the  flow 
loss  and  the  dead  space.  One  may  also  give  the  regenerator  a 
larger  cross-section;  this  reduces  the  flow  loss  and  somewhat  the 
rogeneratior.  loss,  but  increases  the  dead  space.  Thus  it  is  possible 
to  find  optimum  dimensions  for  the  regenerator.  The  same  uold  for 
the  freezer  and  the  cooler,  where  the  regeneration  loss  is  replaced 
by  the  loss  due  to  insufficient  heat  transfer.  . Moreover,  the  losses 
are  governed  by  the  choice  of  the  values  of  w and  ai . Finally,  the 
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outside  of  the  cooler  and  the  freezer  must  he  made  optimal.  Thus 
a very  large  number  of  design  paran.eters  are  to  be  fixed  such  that 
the  total  result  gives  an  optimum  condition;  it  wi.ll  be  obvious  that 
a lot  of  experience  is  needed  to  find  the  right  solution  quickly. 
This  is  compensated  by  the  fact  that  once  a system  oL  calculation 
is  worked  out,  it  holds  for  any  size  of  machine. 
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I IMPROVEMENTS  TO  THE  BASIC  STIRLING  CYCLE: 

f:  expansion  staging 


EXPANSION  STAGING 


Equation  (7)  given  in  Appendix  A tor  the  relative  regeneration  loss 
suggests  two  possible  methods  for  improving  tine  refrigeration  pro- 
cess: decreasing  the  value  of  and  increasing  the  value  of  . 

The  way  to  decrease  would  be  to  increase  the  compression  ratio 
since  depends  mainly  on  this  ratio.  At  present,  no  practical 
configurations  exist  to  achieve  this  so  the*  value  of  10  for 
remains  close  to  a minimum. 

The  value  of  about  99X>  in  typical  regenerative  refrigerators, 

can  be  increased  somewhat.  Regenerators  with  efficiencies  of 
99,5%  and  higher  have  been  made.  However,  since  a regenerator  with 
such  higli  efficiencies  normally  has  very  high  flow  losses,  lower 
net  refrigerator  efficiency  v^ill  result. 

To  avoid  the  disadvantages  cited  above.  Philips,  in  1963,  modi- 
fied the  conventional  single  expansion  system^ ^ ^ . The  modification 
consisted  of  thermally  staging  a number  of  expansion  processes  in 
as  many  expansion  spaces.  The  method  is  somewhat  analogous  to  the 
Keesom  cascade  process,  except  that  no  separate  tliormodynomic  cycles 
are  used,  since  the  complete  cycle  is  performed  in  one  closed  system. 
This  modified  cycle  has  been  referred  to  as  the  "double  expansion" 
cycle. 

In  this  metiiod  tlie  expansion  is  performed  in  two  expansion  spaces, 
each  at  a different  temperature.  The  sijaces  arc  connected  in  series, 
|^^ith  regenerators  in  tlio  interconnecting  passages.  The  displacer 
ased  in  the  single  expansion  machine  has  been  adapted  to  Llie  double 
expansion  process,  as  shown  in  Pigure  1.  The  addit.ional,  inter- 
nediat G expansion  space  M is  obtained  by  " stepping"  Uic  diameter 
5:  the  displacer.  By  virtue  of  Lh.  is  stepped  disp'lacer,  \'olume  \’ari- 

G.  Prast,  "A  Philips  Gns  Ke  f ri  uerat  i lui  Ma>  hine  for  ihP'K," 

Crs'ogon  ic  s , vol.  3,  pp . 15u-lo0,  September  igii3. 


07 


ations  of  the  two  expansion  spaces  (E  and  M)  are  in  phase.  The 
advantage  of  this  type  of  construction  is  that  the  pressure  dif- 
ference across  the  seal  between  the  expemsion  spaces  is  small, 
as  in  the  conventional  design. 


Tt 


DISPLACER  2 


DISPLACER  I 
GAS  FLOW 


Figure  1:  Schematic  of  typical  double  expansion 

configuration 


As  a result  of  the  additional  expansion  space,  the  refrigerator 
produces  cold  at  two  different  ten.peratures , whereas  in  the  con- 
ventional process  cold  production  takes  place  at  only  one  temper- 
ature. 

The  following  discussion  shows  liow  tliis  system  reduces  llio  inf lueu'.if* 
of  tlie  regeneration  loss.  Assvimo  that  a mass  of  working  gas  m.,  i-S 
expanded  in  the  intermediate  expansion  space  at  a t emi)(M;at.  uro 
and  tliat  a mass  of  working  gas  m^  is  expandeti  in  tlie  top  t-'Xpansion 
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space  at  a temperature  - both  gases  expanding  from  a pressure 
Pj^  to  a pressure  p2»  The  ide  .1  cold  productions  in  the  expansion 
spaces  are: 


Qg  = m^RTgln  (pj^/P2) 

« 

The  mass  flowing  through  regenerator  1 between  room  temperature 

and  the  intermediate  temperature  now  is  and  the  mass 

flowing  through  regenerator  2 between  the  intermediate  space 

and  the  expansion  space  is  m.,,.  The  regeneration  losses  for  these 

hi 

regenerators  are: 


= "'eS'I  - "r2> 


Hence  the  relative  regeneration  losses  are: 


^ ”m  * ”e 


M 


m, 


M 


- \l> 


-QrP  - Tp 

=:  C (1  - T|  ) l-^ 

Q,,  r^-^  'r2^  ^ ’ 


(1) 


It  should  be  noted  that  again  has  the  same  value  (approximately  10) 
if  y-^/l-2  same  value. 

Now  ilQ  -/Q„  is  small,  because  T is  of  the  order  of  140''K,  and 

2T  xj  *M 

T.  -T_  is  therefore  less  than  1’  -T,.,  the  quantity  t;hat  occurred  in 
Equation  (7)  of  Appendix  A.  The  consequence  is  Miat  little  of  tlie 
cold  production  in  the  top  expansion  space  is  lost,  thorel.iy  result- 
ing in  a relatively  large  increase  in  net  cold  production.  When 
the  refirgerator  of  interest  needs  cold  at  one  level  only,  no  net 
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production  Q.,  is  needed,  and  it  is  permissible  for  AQ  , /Q»,  to  bo 
^ M r 1 M 

of  the  order  of  unity.  Taking  the  efficiency  of  regenerator  1 to 
be  98%,  it  follows  from  Equation  (1)  that; 


AQ 


rl 


= 0.2 


m,,  + m,, 
L 


m, 


M 


Hence,  (m^^  + mjj,)/mj^^  can  have  a value  of  about  5.  This  means  that 
in  a refrigerator  using  a double  expansion  configuration  only  a mass 
of  about  one-fifth  of  the  total  mass  flowing  through  tlie  first 
regenerator  needs  to  be  expanded  in  the  intermediate  space;  this 
causes  only  a relatively  small  increase  in  the  compression  work. 

It  is  evident  from  the  foregoing  that  given  the  same  conditions, 
i.e.,  cold  production  at  a given  operating  temperature,  the  double 
expansion  configuration  is  more  efficient.  Th^re  is,  however, 
additional  complexity,  viz.,  two  regenerators  instead  of  one. 

It  should  be  noted  tliat  an  intermediate  temperature  level  in  the 
double  expansion  configuration  offers  significant  advantages  in 
some  cases.  For  instance,  in  certain  applications  where  radia- 
tion shielding  is  desirable,  the  shield  can  be  cooled  at  the  in- 
termediate temperature  level.  The  required  refrigeratioii  can  of 
course  be  produced  more  efficiently  at  this  level. 

The  multi-expansion  concept  has  been  extended  one  stop  further,  to 
a triple-expansion  Stirling  cycle  configuration^'"^  . In  this  case, 
temperatures  as  low  as  7.2°K,  v/ith  only  one  cycle,  liavo  been 
attained.  A triple-expansion  VM  refrigerator  is  presently  under 
development  for  a spaceborn  application^''^  . 

A,  Daniels  and  F.  K.  du  Prd,  " Tr ipIo-Expans i on  Plirling  Cycle 
Refrigerator,"  Advances  in  Cr\'oc]cnic  Kmi  iiicer  ing  , vol  . lb, 
pp . 17  8-184,  June  1970. 

G.  K.  Pitclier,  "Development  of  Spacecraft  Vuilleumier  Cryogenic 
Refrigerators,"  ^IH’DI,  TR-7 1-147,  PART  I II,  Contract 
F33615-61-C-1024'  Decem]>e'r  1971.’ 


The  Stirling  cycle  refrigerator  has  two  reciprocating  masses;  a 
piston  and  a low  temperature  displacer-regenerator.  These  masses 
have  to  be  moved  in  a given  phase  relationship  to  each  other,  i.e,, 
the  displacer-regenerator  has  to  lead  the  piston  by  approximately 
90®.  The  required  motion  of  these  elements  is  attained  with  the 
aid  of  drive  mechanisms. 

In  addition  to  imparting  the  proper  phase  relationship  to  the 
reciprocating  masses,  the  drive  mechanism  of  a Stirling  refrigerator 
should,  ideally,  lend  itself  to  balancing.  This  feature  is  desir- 
able in  most  applications  which  incorporate  miniature  cryogenic 
refrigerators,  since  the  devices  to  be  cooled  cannot,  in  most 
instances,  tolerate  significant  vibrational  levels  without  com- 
promising their  sensitivity.  Another  attractive  feature  of  a 
balanced  design  is  its  potentially  longer  life  than  that  of  a 
mechanism  subjected  to  vibratory  loads. 

A mechanism  which  meets  the  above  conditions  is  the  rhombic  drive, 
invented  in  1953  at  the  Philips  Research  Laboratories  in  Holland^ . 

The  rhombic  drive  converts  rotary  into  reciprocating  motion.  The 
rotary  input  is  normally  supplied  by  electric  motors,  connected 
to  the  drive's  two  identical,  parallel  crankshafts,  which  are 
coupled  to  each  other  with  gears  for  synchronous  rotation  in  op- 
posite directions.  The  crankshafts  are  located  synimetr ically 
about  a plane  parallel  to  their  axes  and  passing  througli  the 
center  line  of  the  driven  machine. 

The  mechanism  also  contains  two  pairs  of  connecting  rods,  eacli 
pair  driven  by  a crankshaft  with  the  aid  of  crank  pins;  the 
ends  of  the  connecting  rods  arc  interconnected  by  yokes,  which 
in  turn  are  attached  to  the  elements  to  bo  reciprocated. 
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R.  J.  Moijer,  "The  Phili[;s  Stirl  iiu;  T'.iermal  Lngine, 
Delft  College  of  Advanced  Tochnoloyg,  19LU . 
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Figure  1 is  a schematic  diagram  of  the  mechanism.  Fixed  to  pis- 
ton 1 by  way  of  piston  rod  2 is  a yoke  3.  One  end  of  the  yoke 
is  linked  by  connecting  rod  4 to  crank  5,  the  other  end  V)y  con- 
necting rod  4'  to  crank  5'.  The  displacer-regenerator  (not 
shown)  is  actuated  by  a similar  arrangement;  the  displacer 
rod  7,  which  passes  through  the  hollow  piston  rod  2,  is 
coupled  to  a yoke  8 which  is  linked-  to  cranks  5 and  5*  by 
connecting  rods  9 and  9' , respectively,  if  9 and  9'  are 
given  the  same  length  as  4 and  4* , the  two  pairs  of  connect- 
ing rods  will  form  a configuration  similar  to  a rhombus,  only 
the  angles  of  which  vary  when  the  system  is  in  motion.  Gears 
10-10'  ensure  exact  symmetry  of  the  system  at  all  times.  Al- 
though the  two  crar’;shafts  are  geared  togetlier  for  synchor- 
nous  movement,  poW'  r input  can  be  applied  either  to  one  shaft 
using  one  motor  or  to  both  shafts  simultaneously  using  two 
motors.  In  the  latter  case  no  power  is  transmitted  through 
the  gears. 


Figure  1:  Schematic  diagram  of  conventional 

■ rhombic  drive  mechanism 
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Figure  3:  Conventional  rhombic  drive 

configuration 

By  synimetry,  it  can  be  seen  that  the  sum  of  all  inertial  forces 
acting  horizontally  is  zero  at  any  given  instant.  The  same  ap- 
plies to  all  inertial-force  moments  about  an  axis  perpendicular 
to  the  plane  of  the  drawing.  Hence,  only  the  inertial  forces 
acting  in  the  vertical  direction  need  be  considered.  The  circular 
motion  of  each  crankpin  T-T ' can  bo  resolved  into  a vertical  and 
horizontal  component.  The  vertical  movements  that  the  piston 
and  displacer  make  as  a result  of  the  horizontal  movement  of  the 
crankpins  are  equal  and  opposite  because  the  connecting  rods  are 
of  equal  length  (i.e,,  synimetrical  deformation  of  the  "rhombus"). 
Thus,  if  the  masses  of  the  piston  and  displacer  (including  their 
respective  rods,  etc.)  are  made  equal,  i.e., 

m = m , 
p d 

then  the  sum  of  the  vertical  inertial  forces  corresponding  to 
horizontal  crankpin  movement  is  always  zero. 
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There  remains  the  vertical  movements  of  piston  and  displacer  as 
a result  of  the  vertical  component  of  the  crankpin  movement. 

These  movements  are  exactly  equal  and,  moreover,  identical  with 
the  vertical  movement  of  the  crankpins.  One  can  therefore  imagine 
the  moving  mass  of  the  piston  and  displacer,  m + m,,  as  localized 

p Q 

in  the  crankpins,  (1/2) (m  + m,)  in  each.  By  means  of  two  counter- 

p Q 

weights  m^  mounted  opposite  each  crankpin  at  a suitable  radius  r^, 

vertical  inertial  forces  can  be  created  which  exactly  balance  those 

of  m + m , . This  is  true  even  if  the  rotation  of  the  crankshafts 
p d 

is  not  exactly  uniform. 

In  fact,  the  mass  and  offset  of  each  counterweight  are  chosen  such 
that  the  latter  also  serves  to  balance  the  crank  and  other  eccentri- 
cally positioned  moving  parts.  If  is  the  effective  mass  of  all 
these  parts,  and  r^  the  distance  of  their  center  of  gravity  from 
the  crankshaft  axis,  we  have  the  following  conditions  for  balancing; 


r 


c c 


(l/2)r(m  +mj)  + rm 
' p d e e 


From  the  foregoing  it  can  be  seen  that  the  reason  why  it  is  pos- 
sible to  balance  the  inertial  forces  in  this  type  of  mechanism 
is  that  there  are  two  reciprocating  masses  whose  movements  differ 
in  phase.  The  configuration  lends  itself  to  the  use  of  two  motors 
(one  on  each  shaft)  running  in  opposite  directions;  as  a result 
it  is  possible  to  balance  the  reaction  torques  on  the  motor  housings 
as  well. 
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Appendix  D 


operplTin'j  instructions  for  aeroflex  motors 


1.  INTRODUCTION 

The  Aeroflex  motors  are  brushless  d.c.  motors  utilizing  light 
emitting  diodes  (LED's)  for  switching.  These  motors  are  align- 
ed and  ready  for  operation.  , 


2.  PARTS 

• Two  rotors  and  stators 

• Electronic  controller 

• Three  cables:  P, ^ P , P . P,  is  for  the  24  Vdc  power 

leads  (+)  red,  (-)  black;  is  for  the  sensor  disk 

and  LED  electronics;  P^  is  for  the  motor  winding  leads. 

• Glass  encoder  disk  and  its  support  fixture 

• Three  LED's  and  support  ring. 


3.  SETUP  PROCEDURE 

3 . 1 Connecting  Ccntrollor  to  24  Vdc 

Preset  power  supply  to  24  Vdc  t 1 V to  avoid  excessive  voltage 
spikes.  Voltages  greater  than  40  Vdc  or  current  greater  than 
8 A will  damage  tlio  electronics.  To  avoid  this,  an  ON-OFF 
switch  is  supplied  witl^  a conservatively  rated  fuse  in  the 
circuit . 
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The  power  supply  is  connected  to  the  controller  via  a cable 
to  P^  with  (+)  red  and  (-)  black.  Turn  switch  on  and  the 
unit  is  ready  for  testing. 


Preceding  page  blank 


3 . 2 Motor  Alignment 

If  for  any  reason  the  rotors  or  stators  are  disassembled  or 
if  the  glass  encoder  disk  is  removed  or  shifted  relative  to 
its  shaft,  the  motor  will  have  to  be  realigned. 


3.2.1  Procedure  for  Aligning  Motors 

(a)  Preset  power  supply  to  24  Vdc  as  in. Paragraph  3.1. 

(b)  Note  wiring  diagram  and  mark  each  wire  according  to  the 
diagrcim,  so  that  it  can  be  identified  after  it  is  unsoldered. 

(c)  Disconnect  all  the  wires  from  the  feed-through  plug  (for 
convenience  in  aligning  the  motors)  and  attach  all  the  wires 
from  P^  (eight  wires)  to  a terminal  strip.  Also  attach  all 
the  wires  from  the  P plug  (except  N)  to  another  terminal 
strip. 

(d)  Connect  the  front  motor  (motor  with  glass  encoder  disk  & 
sensors)  to  terminal  strip  following,  color  code  from  wiring 
diagram. 

(e)  Connect  the  wires  from  the  sensor  disk  (five  wires)  to 

the  other  terminal  strip  following  wiring  diagram.  For 

now,  leave  red  wire  C from  disconnected. 

(f)  Keep  all  other  loose  wires  away  from  each  other  to  pre- 
vent shorts. 

(g)  Turn  the  ON-OFF  switch  to  the  ON  position  for  a short 
time  (approximately  2 seconds)  and  then  turn  off  and  note  if 
the  rotors  have  turned.  If  they  did,  note  which  direction 
(c.w.  or  c.c.w.)  and  how  much  current  was  drawn.  When  the 
motor  is  sot  up  properly,  it  should  draw  about  1 A.  If  the 
rotors  do  not  turn  or  if  they  turn  in  a c.w.  diroctioii  or  if 
more  than  1 A is  drawn,  tlion  the  motors  arc  not  operating 
properly. 
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(h)  Loosen  the  three  screws  that  secure  the  glass  encoder 
disk  and  rotate  the  disk  about  10*  in  either  direction,  keep- 
ing the  motor  shafts  stationary.  Tighten  the  three  screws 
again.  Turn  the  ON-OFF  switch  ON  and  again  note  rotor  direc- 
tion and  amount  of  current  drawn.  By  this  process  of  rotating 
the  glass  encoder  disk  to  a certain  position  relative  to  the 
shaft,  one  is  aligning  the  LED's  and  in  essence  triggering  the 
electronic  logic  and  determining  when  and  which  motor  windings 
are  being  energized  and  for  what  period  of  time. 

Eventually  one  will  find  a correct  position  for  the  glass  en- 
coder disk  that  will  give  a c.c.w.  direction  with  a current  of 
approximately  1 A or  loss.  Before  proceeding  to  the  next  step, 
be  sure  the  three  screws  that  hold  the  encoder  disk  in  place  are 
tight,  so  that  the  disk  is  fixed  to  Li\c  shaft. 

3.2.2  Fine  Adjust.mont  Using  the  Two  LED's 

(a)  Turn  the  ON-OFF  switch  to  ON  position  and  note  the  cur- 
rent drain  on  the  amnieter. 

(b)  Using  a screw  driver,  loosen  the  two  screws  on  both  sidos 
of  one  of  the  LED's  and  while  the  motors  arc  runrirng,  move  the 
loose  LED  circumferentially  until  reaching  the  lowest  current 
reading  on  the  oruncter'.  Lock  the  LED  in  place  and  go  through 
the  same  procedure  for  the  other  LED. 

By  moving  the  LED's  one  is  actually  making  a fine  adjustment 
of  what  was  just  previously  done  with  tliu  glass  encoder  disk. 
These  LED's  are  to  bo  sot  so  that  a mininmm  amovint  of  current 
is  drawn. 
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3.2.3  Aliqrimont  of  Rotor  ond  Stator 

(a)  The  motors  must  bo  phased  in  together  because  only  one 
sensor  is  being  used  for  both  motors.  The  procedure  for  do- 
ing this  is  as  follows: 

• Remove  from  terminal  strip  the  red  and  brown  wire 
from  the  front  motor  (i.e.,  the  one  with  glass  disk). 

Also  take  the  red  and  brown  wire  from  the  rear  motor. 
Connect  these  wires  to  a dual  trace  differential  am- 
plifier, red  (-)  and  brown  (+) . Display  one  set  of 
windings  on  one  channel  and  the  other  on  another 
channel.  Turn  the  ON-OFP  switch  to  the  ON  position 
and  display  the  two  traces  on  the  scope.  There 
should  be  two  sinusoidal  traces.  If  the  trace  is 
not  clear,  ground  the  shields  to  K on  P^.  Trigger- 
ing should  be  off  one  channel  of  the  scope  and  both 
sinusoidal  curves  should  bo  brought  into  phase  with 
each  other?  in  effect  the  two  motors  will  be  operating 
as  one.  This  is  done  by  loosening  the  support  bracket 
on  the  back  motor  and  rotating  its  stator  while  the 
motor  is  running.  By  rotating  the  stator  and  watching 
its  display  on  the  scope,  one  can  phase  in  one  dis£>l.<.  • 
over  the  other.  Once  phased  in,  retighten  tlie  support 
bracket  bo  the  stator  docs  not  shift  out  of  alignment. 

3.2.4  Wiring  tl\o  hack  Motor 

Once  the  two  motors  are  in  phase,  they  i \ effect  are  acting 
as  one.  Reattach  the  red  and  brown  wire  from  the  front  motor 
to  P as  it  was  before.  The  back  motor  is  wired  as  the 
wiring  diagram  indicates  when  both  motors  are  rosoLdered 
together  and  the  sensor  wires  arc  also  connected.  Tlio  unit 
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should  consume  approximately  1 A.  The  last  wire  to  connect 
is  the  red  wire  C from  P^;  this  is  the  speed  control  wire, 

A better  trace  is  obtained  on  the  oscilloscope  when  the  C 
wire  is  left  unattached  during  the  alignment  procedure. 

If  the  unit  consumes  more  than  1 A after  the  second  motor 
is  connected,  recheck  the  alignment  of  the  rotor  and  stator, 
and  if  necessary  repeat  the  procedure  of  Paragraph  3.2.3. 

Finally,  resolder  all  wires  to  the  feed-through  plug  on  the 
crankcase  cover  plate,  following  tlie  wiring  diagram.  The 
unit  is  now  ready  for  testing. 

4.  CAUTIONS 

(a)  Avoid  e.xcessivo  voltage  (over  24  Vdc  i 1)  or  excessive 
current  (over  8 A)  to  the  motors. 

(b)  Do  not  remove  the  rotors  from  their  stators.  If  neces- 
sary, a keeper  must  bo  used  to  prevent  demagnetization  of  the 
motors . 
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WIRING  DIAGRAM  FOR  AEROFLEX  MOTORS  (POWER  PLUGS  P2  AND  P3  ) 
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